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ABSTRACT
Twenty new  heat flow values are incorporated, along w ith 40 
previously published data, into a heat flow map of Oklahoma. The new heat 
flow data were estim ated using previous tem perature m easurem ents in 
boreholes m ade by Am erican Petroleum  Institu te researchers and 1,498 
thermal conductivity measurements on drill cuttings.
The mean of 20 average therm al gradients is 30.50°C/km. In general, 
thermal gradients increase from SW (14.11®C/km) to NE (42.24®C/km). The 
range of 1,498 in situ therm al conductivity measurements (after corrections 
for anisotropy, in  situ tem perature, and porosity) is 0.90 - 6.1 W /m-K; the 
average is 1.68 W /m-K. Estimated near-surface heat flow (±20%) at 20 new 
sites in Oklahoma varies betw een 22±4 m W /m ^ and 86±17 mW /m ^; the 
average is 50 mW /m ^. Heat flow is relatively low (< 30 mW /m^) in  SW 
Oklahoma and is relatively high in  NE Oklahoma (> 70 mW /m^). There are 
areas with low-to-intermediate heat flow (30 - 50 mW /mZ)in central and SE 
Oklahoma, and areas w ith intermediate-to-high heat flow (50 - 70 mW/m^) in 
the Oklahoma Panhandle, Cherokee Platform, and SE corner of the state.
Twenty-seven new heat-generation estimates, along w ith 22 previously 
published data, are used to create a heat generation map of Oklahoma. The 
range of heat production estimates is 1.1 - 3.5 p.W /m3, with an average of 2.5 
HW/m3. Heat production rates vary w ith basement rock type. The area with 
the lowest heat production (< 1.5 p-W/m^) lies in  the SE parts of the Arkoma 
Basin and the Arbuckle Uplift. Areas with the highest heat generation (> 3 
p.W/m3) occupy the northwestern part of the state, as well as small portions 
in  NE.
The heat flow regime in Oklahoma is prim arily conductive in nature, 
except for a zone in northeast. Transient effects due to sedimentary processes
X U
and m etam orphic/igneous activity, as well as past climatic changes, do not 
significantly influence the thermal state of the Oklahoma crust. H eat flow 
near the m argins of the Arkoma and Anadarko Basins may be depressed or 
elevated by 5 - 13 mW /m^ by refraction of heat from sedim entary rocks of 
relatively low  thermal conductivity ( 1 - 2  W/m-K) into crystalline basement 
rocks of relatively high thermal conductivity ( - 3 - 4  W/m-K).
The linear heat production - heat flow relationship found empirically 
in  plutonic provinces by other investigators does not apply to Oklahoma. A 
modest correlation between heat generation and heat flow implies that heat 
production in  basement rocks exerts some control on regional heat flow 
variations in  Oklahoma. The relatively high heat flow ( -  70 -8 0  mW /m^) in 
part of northeastern Oklahoma suggests that the thermal regime there may be 
perturbed by regional groundwater flow originating in the fractured outcrops 
of the Arbuckle-Simpson aquifer in the Arbuckle Mountains.
xiu
1. INTRODUCTION
The aim of this study is to establish the present-day therm al regime of 
Oklahom a by incorporating 20 new  heat flow values and 27 new heat- 
production determ inations into previously published data, thus creating the 
first heat flow and heat production maps of Oklahoma.
Even though the distribution of heat flow values on m any continental 
areas is well estim ated (Pollack et al., 1993), Oklahoma is a region w ith few 
heat flow and heat production data. For example, the geotherm al map of 
N orth America (Blackwell and Steele, 1991) contains a single heat flow value 
(the one determined by Roy et al., 1968, in  the northeast comer of the state). In 
recent years, several new heat flow data were added to the map of Oklahoma. 
These include seven values reported by Carter e t al. (1996) for the Anadarko 
Basin. These values were determined using high-precision tem perature logs 
and therm al conductivity m easurem ents on nearly 300 core plugs. Borel 
(1995) estim ated heat flow at a site in north-central Oklahoma, from high- 
precision tem perature logs and therm al conductivity measurements on 18 
core samples. Lee e t al. (1996) estim ated heat flow at eleven sites in  the 
Arkoma Basin and Oklahoma Platform to the north using corrected bottom- 
hole tem peratures (BHTs) and thermal conductivity measurements on drill 
cuttings. Lee and Deming (1997) reported seventeen values for the Anadarko 
Basin, using the same procedure as Lee et al. (1996). The present thesis also 
contains three values estim ated by D. D. Blackwell and his co-workers at 
Southern M ethodist University in Dallas (pers. comm., Blackwell, 1996).
O ther previous therm al investigations in  Oklahoma include thermal 
gradient maps published by Gilarranz (1964); Cheung (1978,1979); Harrison et 
al. (1983); and Harrison and Luza (1986) for the state of Oklahoma; American 
Association of Petroleum  Geologists and U.S. Geological Survey (1976),
Guffanti and Nathenson (1981) and Mathenson and Guffanti (1988), for the 
U nited States, including Oklahom a. However, discussing the relative 
im portance of such therm al gradient m aps, Birch (1954) stressed that the 
principal variable affecting tem perature gradient in  the outer layers of the 
crust is therm al conductivity  (and , locally, groundw ater m ovem ent). 
Consequently, a geothermal gradient map alone is expected to tell us as much 
about the variations in  therm al conductivity (and, locally, groundw ater 
circulation) as about variations in the more fundamental quantity, heat flow.
1.1. Thermal regime of sedim entary basins
Oklahoma is w ell know n for oil and gas production. From the 
Anadarko Basin alone, 82.4 trillion cubic feet of gas and 5.37 billion barrels of 
oil were produced through 1985 (Davis and Northcutt, 1989). H undreds of 
thousands of wells have been drilled in  the Anadarko, Ardmore, Arkoma, 
Hollis, and Marietta Basins, and in other places throughout the state.
Temperature is a critical param eter in the transform ation of organic 
m atter into gas an d /o r oil and in the m aturation of crude oils in reservoirs 
(Waples, 1980; 1995a; 1995b; Quigley e t al., 1987; Tissot et al., 1987; Ungerer et 
al., 1990; Barker, 1996). The tem perature-dependent degradation of crude oils 
will produce lighter oils, then condensate, and finally, dry gas. Temperature 
also plays an im portant role in  controlling inorganic reactions, such as the 
dewatering of clays and the mineral transformations that can create or destroy 
porosity. Reconstruction of the therm al history of a sedimentary basin allows: 
(1) the prediction of o il/g as windows in  evaluating potential hydrocarbon 
source rocks; (2) an understanding of the geologic and tectonic history of a 
sedimentary basin; and (3) an understanding and evaluation of the timing of 
hydrocarbon generation and expulsion from a defined source rock (Barker,
1996). Levels o f therm al m aturity  for Paleozoic stra ta , including the 
W oodford shale, the most im portant source rock for Oklahom a oil and gas, 
have been estim ated for the Anadarko Basin, the Arkoma Basin or for the 
entire state of Oklahoma by C ardott (1989), Schmoker (1989), Houseknecht et 
al. (1992), Hester e t al. (1992) and Pawlewicz (1992). These studies constrain 
hydrocarbon-generation models by indicating, according to  m aturation stage, 
the type of production (oil, d ry  gas) and the volume o f production. Any 
future study concerning hydrocarbon-generation modeling in Oklahoma will 
find thermal inform ation available firom the present thesis.
In addition to the above considerations, heat-flow studies in  some 
sedim entary basins, such as the Anadarko Basin, m ay provide a better 
understanding of overpressures. Several processes can cause abnorm al 
pressures (Sahay and Fertl, 1989; Fertl e t al., 1994; Osborne and Swarbrick,
1997): (1) compaction disequilibrium ; (2) petroleum  generation; (3) petroleum 
cracking; (4) therm al expansion of w ater; (5) other m echanism s (lateral 
tectonic compression, clay diagenesis and dewatering, and  reverse osmosis). 
Some of the preceding processes (e.g., hydrocarbon generation, aquathermal 
pressuring) are thermally driven and the present-day heat flow values can 
offer a constraint for modeling these processes.
1.2. Thermal anomalies related to Paleozoic fluid m igrations
Briny hydrotherm al fluids were once ubiquitous in  the M iddle and 
Late Paleozoic (-250 - 360 m.y. ago) country rocks of the m idcontinent (Oliver, 
1986; 1992; Sverjensky, 1986; Bethke and M arshak, 1990; G arven et al., 1993). 
A lthough these brines have an  unknow n origin, th e ir existence is 
documented by: (1) the presence of ore bodies that were deposited firom metal 
- bearing brines, such as M ississippi Valley - Type ores (MVT) (Anderson and
Macqueen, 1982; Kisvarsanyi et al., 1983); (2) metal-rich Pennsylvanian shales 
(Zangerl and Richardson, 1963; Vine and Tourtelot, 1970; Coveney and 
M artin, 1983); (3) epigenetic dolomite cements in  ore bodies and deep aquifers 
(Z enger and  D unham , 1980; M attes and  M ountjoy, 1980); (4) 
paleorem agnetization (Van der Voo and French, 1975; McCabe et al., 1983; 
Bagley e t al., 1992), and (5) fluid inclusions indicating unusually high 
homogenization temperatures ( up to 200*’C) a t shallow depths ( < 1.5 - 2 km) 
(Roedder, 1979; Leach, 1979; Coveney et al., 1987; Shelton et al., 1992). There 
m ay also exist a link between continental-scale flu id  m igrations and 
occurrences of oil fields (Oliver, 1992; Coveney, 1992) that might explain, for 
example, the presence of a major oil and gas area in  the Ouachita trend - 
including West Texas, Oklahoma, and Kansas.
The origin of the heat source of these warm brines is still controversial, 
and reconstructing the complete thermal history of the midcontinent region 
is a complex task. The present-day heat flow values can act as a boundary 
condition for those studies that investigate (1) the effects of convective heat 
transfer on the therm al history of sediments by evaluating the ratio of 
conductive to convective heat transfer (thermal Peclet number: Person et al., 
1995); (2) the thermal effect of depositing of cold sediments on top of the 
lithosphere ("blanketing effect"), especially in  those areas where the 
sedim entation rate exceeded a certain lower lim it (250 m /m .y.) and the 
sedim entation period lasted for some time (Wangen, 1995); and (3) past fluid 
m igrations by constraining regional scale permeabilities of the present day 
groundwater flow (Deming et al., 1992,1996).
2. GEOLOGIC FRAMEWORK 
2.1. General considerations
In this chapter I review aspects of Oklahoma geology relevant to the 
therm al structure and h istory  of Oklahom a. Basement rocks contain 
radioactive isotopes of U, Th, and K which, by radioactive decay, provide 
about 40% of the global near-surface heat flow (Pollack and Chapman, 1977). 
The sedim entary cover over the basement, by its lithology and therm al 
conductivity, partly  controls the distribution of therm al gradients. The 
thermal conductivity of sedimentary rocks ranges over more than an order of 
magnitude, hrom coal (0.33 - 0.45 W /m-K, Pollack and Cercone, 1994; Herrin 
and Deming, 1996) to evaporites (-6.0 W /m-K, Clark, 1966; H orai, 1971). 
Accordingly, for a fixed heat flow, geothermal gradient is inversely related to 
thermal conductivity. Highly conductive rocks give low gradients, while poor 
conductors give high gradients.
The perm eability of sedim entary rocks is a key param eter in 
groundwater movement which, in  turn, controls the convective distribution 
of heat flow in  sedimentary basins. The permeability of sedim entary rocks 
extends over several orders of m agnitude. The perm eability of sandstone 
ranges firom 10"13 to lO'^^ m^ (10% to 10*2 mD); limestone, 10"13 to 10"^  ^m^ (10  ^
to 10*1 mD); shale, 10*1^  to 10*20 m2 (io*l to 10*5 mD) (Brace, 1980; Neuzil, 
1994). Thus, sandstone beds may be good conduits for groundwater, while 
shales can act as low-permeability barriers in overpressuring or groundwater 
m ovem ent.
The following presentation draws on Johnson e t al. (1988), Johnson 
and Cardott (1992), and Denison et al. (1984).
The geology of Oklahoma is complex but very well explained, owing to 
a plethora of information provided by many thousands of wells drilled for oil
and gas, and by extensive seismic exploration.
Oklahoma is a part of the southern M idcontinent characterized by great 
thickness of sedim ents preserved in  a series o f major depositional and 
structu ral basins separated by orogenic up lifts created m ainly during 
Pennsylvanian tim e (Johnson et al., 1988; N orthcutt and Cam pbell, 1996; 
Fig. 1).
The major sedim entary basins contain as m uch as 6,000 to 12,000 m of 
sedim ents, m ost of which are Paleozoic and m arine. These sedim ents rest 
upon  a basem ent com plex o f igneous rocks and som e low -rank 
metasedimentary rocks (Denison et al., 1984; Johnson e t al., 1988; Johnson and 
Cardott, 1992). Thick sedimentary deposits accumulated along the southern 
m argin of the N orth  American C raton d u ring  Paleozoic episodes of 
subsidence of the Anadarko, Ardmore, and M arietta Basins (Fig. 1), and of the 
foredeep areas north  and west of the Ouachita Trough (Johnson et al, 1988; 
A rbenz, 1989). The w est-northw est trending trough com prising the 
Anadarko, Ardm ore, and Marietta Basins and associated uplifts is known as 
the Southern Oklahom a Geosyncline (Ham et al., 1964; H am  and Wilson, 
1967) or the Southern Oklahoma Aulacogen (Gilbert, 1983; Brewer et al., 1983; 
see Fig. 2).
By Early Paleozoic time ( 570 m.y. ago), Oklahoma included three major 
tecto n ic/d ep o sitio n a l provinces: the O klahom a basin, the Southern 
Oklahoma aulacogen, and the Ouachita trough (Johnson and Cardott, 1992; 
see Fig. 2). The Oklahoma basin consisted of a broad, shelf-like area covered 
w ith  thick carbonates interbedded w ith m arine shales and sandstones 
(Johnson et al, 1988). The Southern Oklahoma aulacogen, w hich was the 
depocenter for the Oklahoma basin (Johnson and Cardott, 1992), extended 
from  the O uachita trough (the Paleozoic continental m argin of N orth
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Fig. 1. Geologic provinces of Oklahoma (simplified after Northcutt and Campbell, 1996)
1 - Anadarko Basin; 2 - Anadarko Shelf; 3 - Ardmore Basin; 4 - Arkoma Basin; 5 - Cherokee 
Platform; 6 - Hollis Basin; 7 - Marietta Basin; 8 - Arbuckle Uplift; 9 - Nemaha Uplift; 10 - Ouachita 
M ountains Uplift; 11 - Ozark Uplift; 12 - Wichita Uplift.
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Fig. 2, Map of the southwestern United States, showing the approximate 
boundary of the Oklahoma Basin and other major features that existed in 
Early and Middle Paleozoic time (after Johnson et al., 1988).
8
A m erica) 700 km w est-northw est in to  the M idcontinent, through 
southw estern Oklahoma and northern Texas (Feinstein, 1981). Three stages of 
evolution of the aulacogen have been defined by Ham et al. (1964); Ham 
(1969); Pruatt (1975), and Thompson (1976,1978): (a) a thermally related rifting 
stage from Late Precambrian through M iddle Cambrian (900 - 523 m.y. ago), 
associated w ith intensive igneous ac tiv i^  and graben formation; (b) a stage of 
passive subsidence and sedim ent accum ulation, dom inated by shallow 
carbonate rocks from Late Cambrian through Devonian (523 - 360 m.y. ago); 
and (c) term ination of the aulacogen stage by intensive deformation and deep 
burial hrom the Late Devonian to the Early Permian (360 - 258 m.y. ago).
The Southern Oklahom a aulacogen com prised the A nadarko, 
Ardm ore, and Marietta protobasins, together w ith the Arbuckle anticline and 
the Wichita M ountain uplift (Gilbert, 1983; Johnson and Cardott, 1992). The 
th ird  province, the Ouachita trough, was a deep-water sedim entation site 
along a rift a t the southern m argin of the North American Craton (Arbenz, 
1989; Johnson and Cardott, 1992).
These three provinces persisted through the m iddle Paleozoic until 
Pennsylvanian time (-410 — 290 m.y. ago), when two of them (the Oklahoma 
basin and the aulacogen) were divided into a series of well-defined marine 
basins by uplifted crustal blocks (Johnson and Cardott, 1992). The Ouachita 
trough was destroyed by Pennsylvanian uplift and northw ard thrusting 
(Arbenz, 1989). Orogenic activity throughout Oklahoma was limited, during 
its tectonic history, to folding, faulting, and uplift, and was not generally 
accompanied by igneous or high-grade metamorphic activity (Johnson et al., 
1988; Johnson and Cardott, 1992).
Oklahoma is separated today into five major uplifts and six major 
basins, or low areas, on which a significant accumulation of sedimentary
rocks occurs (Fig. 1). According to Northcutt and Campbell (1996), they can be 
described as follow: 1 - Anadarko Basin; 2 - Anadarko Shelf (the boundary 
betw een 1 and 2 is placed near the 700 ft isochore of the A tokan and 
Desmonian Series a t which there is a marked rate of change of thickening 
southw ard into the basin); 3 - Ardmore Basin; 4 - Arkoma Basin, including 
Franks Graben and Wapanucka Graben (the northern lim it approxim ates the 
striking rate of change of thickness of A tokan strata southw ard hrom the 
Cherokee Platform into the Arkoma Basin); 5 - Cherokee Platform, including 
Seminole structure; 6 - Hollis Basin; 7 - M arietta Basin; 8 - Arbuckle U plift, 
including the Ada high (This structure is apparently the northern faulted 
extension of a high that is part of the Pauls Valley - H unton and Lawrence 
H orst blocks (Ham et al., 1964). This province also includes the Arbuckle 
M ountains, Tishomingo - Belton Horst, and Clarita H orst); 9 - Nem aha 
Uplift, formerly known as Nemaha Ridge, is defined by a horst-block complex 
in north-central Oklahom a and continuing northw ard in  Kansas; 10 - 
O uachita Uplift, including Broken Arrow U plift, Ouachita central region, 
Ouachita frontal th rust belt, and Potato Hills; 11 - Ozark Uplift; 12 - W ichita 
Uplift, including C riner Uplift, W aurika - M uenster U plift, and W ichita 
frontal fault zone.
Between and w ithin these geologic provinces there are eighteen major 
faults (Northcutt and Campbell, 1996). For the sake of simplicity, they are not 
depicted in Figure 1.
2.2. Basement rocks of Oklahoma
The com position of basem ent rocks is im portant in  any regional 
continental heat flow study because it controls to a large extent the surface 
heat flow values. This is due to their content of radioactive isotopes of U, Th,
10
and K. On a global average, the heat produced by radioactive decay of near­
surface radiogenic sources contributes approximately 40% of the to tal heat 
flux m easured a t the surface on continents (Pollack and Chapman, 1977). The 
difference in com position among different types of basem ent rocks (granites, 
rhyolites, gabbros, or metamorphic rocks) is responsible for different rates of 
heat generation, and  hence for variations of heat flow  values. G ranites 
(mesozonal or epizonal) usually produce more heat than other types of rocks 
due to their enhanced concentration of radioactive isotopes: the average heat 
production of granites/rhyolites is ~2.5 pW /m ^ (Rybach, 1976). Sedimentary 
rocks tha t cover the basement and fill the basins are less radioactive than 
basem ent rocks (~1 pW /m ^ vs. -2.5 pW /m 3, Keen and Lewis, 1982; Rybach, 
1986,1988; Fountain et al., 1987).
There are tw o im portant outcrops of basem ent rocks in the W ichita 
and Arbuckle M ountains in the southern part of Oklahoma (Fig. 1 and 3). In 
add ition , several sm all outcrops of granite are exposed in northeast 
Oklahoma near the tow n of Spavinaw (Johnson et al., 1988). In  most areas the 
basem ent, represented by silicic volcanic rocks and associated epizonal and 
m esozonal granitic plutons, is buried beneath Paleozoic rocks less than 3,000 
m thick. The exceptions are in  the Arkoma, Anadarko, and  Ardmore basins 
w here the sedim ent cover reaches 12,000 m  (Johnson e t al., 1988). A large 
num ber of wells drilled  in search for oil, gas, and other m inerals have 
penetrated the basem ent in all bu t the deepest basins.
Oklahoma is underlain by an extensive terrane of silicic volcanic rocks 
and associated epizonal and mesozonal granitic plutons (Denison et al., 1984) 
(Fig. 3). These rocks were formed between 1,500 and 1,300 m.y. ago. The 
W ichita Province (Fig. 3) is m uch younger (510 - 530 m .y. ago) and is 
com posed of basalt, rhyolite, epizonal granite plutons, and a large body of
11
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Fig. 3. Distribution of basement rocks in Oklahoma (simplified after Denison et al., 
1984). The numbers indicate average heat-production m easurem ents and estimates.
gabbroic rocks (Ham e t al., 1964). The Carlton Rhyolite, also of Cambrian age 
(Fig. 3), is found on northern side of Wichita Province. A sm all area of 
m etamorphic basement is shown on southeastern side of Wichita Province.
2.3. Sedimentary rocks of Oklahoma
The distribution of shales, sandstones, and carbonates, w ith  their 
different perm eabilities and therm al conductivities w ithin a sedim entary 
basin, controls the distribution of groundw ater movement, overpressure 
regime, and to some degree, the thermal gradient values.
The sedim entary rocks of Oklahom a and their associated tectonic 
history can be grouped into four major time periods (Johnson and Cardott, 
1992): early Paleozoic (Late Cambrian and Ordovician), m iddle Paleozoic 
(Silurian, Devonian, and M ississippian), late Paleozoic (Pennsylvanian and 
Permian), and post Paleozoic (Triassic through Holocene) (Fig. 4).
2.3.1 Early Paleozoic (523 - 440 m.y. ago)
The layers deposited in this period are 300 - 3,000 m thick and consist 
m ainly of carbonates (limestone and dolomite) interbedded w ith several 
quartzose sandstone and green shale units (Johnson and Cardott, 1992).
The basal Reagan sandstone, along w ith the Honey Creek limestone, 
forms the Timbered H ills Group (Fig. 4). This group is overlain by the 
Arbuckle Group, w hich consists of six limestone units interbedded with 
dolomites. The thickness of this group ranges from 2,500 m in the aulacogen, 
on the flank of the Arbuckle anticline (Fay, 1989) to about 300 - 1,200 m in 
m ost shelf areas of the Oklahoma basin (Johnson et al., 1988).
D uring the M iddle O rdovician the Sim pson G roup strata were 
deposited (Fig. 4). They consist of quartzose sandstones, interbedded with
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thick lim estones and thin to m oderately thick greenish-gray shales. Small 
deposits of red  shale are interbedded w ith  green shales in east - central 
Oklahoma, and minor am ounts of dark  - gray and black shales outcrop in 
southeastern Oklahom a (Statler, 1965; Johnson et al., 1988; Johnson and 
Cardott, 1992).
The next geologic unit, deposited in  the Late Ordovician, is the Viola 
Group. This group contains terrigeneous detritus (lower part) and skeletal 
limestones (upper part) (Johnson et al., 1988).
The Sylvan shale, w ith  a large spread  from w estern Arkansas into 
central Oklahoma, is a green and greenish - gray shale, w ith thicknesses 
ranging from 90 - 1,200 m in  the aulacogen to 1 - 60 m in  most shelf areas 
(Johnson et al., 1988; Johnson and Cardott, 1992).
In the Ouachita M ountains, Lower Paleozoic sedim ents include the 
Collier, Crystal M ountains, M azarn, Blakely, Womble, Bigfork, and Polk 
Creek formations (Johnson and Cardott, 1992; see Fig. 4). These formations 
consist of black shales interbedded w ith  sandstones, limestones, siliceous 
shales and cherts, and are equivalent of the Arbuckle facies. They are exposed 
over a total thickness of ~750 m  (Johnson and Cardott, 1992). The Viersen and 
Cochran no. 2 5 - 1  W eyerhauser well, drilled  in  the core of the Broken Bow 
uplift, penetrated -3,000 m  of highly folded and faulted black phyllite, 
quartzite, and dolomitic marble w ithout reaching basement (Goldstein, 1975).
2.3.2. M iddle Paleozoic (440 - 333 m.y. ago)
During Silurian and Early Devonian times the Oklahoma basin was 
the site for deposition of the H unton G roup, which consists of m ainly 
limestones in the lower part (Chimney H ill Subgroup), argillaceous and silty 
carbonates in the middle (Henryhouse and Haragan - Bois d'Arc Formations),
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and lim estones at the top (Frisco Formation) (Johnson et al., 1988; Fay, 1989; 
Johnson and Cardott, 1992).
O verlying the H unton Group is the W oodford Shale (recognized as 
being the m ost prolific source rock for oil and gas in  Oklahoma: Cardott, 
1989), w hich is equivalent to the Chattanooga Shale to the northeast (Fig. 4). 
The W oodford shale is present throughout most parts of the Oklahoma basin, 
ranging from  60 - 270 m thickness in  the aulacogen to 15 - 30 m thickness in 
most o f the shelf areas (Amsden, 1975; Johnson e t al., 1988; Johnson and 
Cardott, 1992).
M ississippian stra ta , which overlie the W oodford Shale, are 
represented by limestones and shales in  most parts of the Oklahoma basin. 
These deposits generally range brom 60 m  to 600 m in  the northern shelf areas 
and 600 - 1,500 m in the aulacogen (Fay, 1989; Johnson and Cardott, 1992).
D uring the same period of time (Silurian through Early Devonian), the 
Ouachita trough received nearly 300 m of shales and sandstones in  the 
Blaylock and Missouri M ountain Formations, followed by at least 180 m of 
Arkansas Novaculite (Fig. 4, Johnson and Cardott, 1992). The Ouachita trough 
then subsided quickly and received 2,100 - 4,200 m of Stanley Shale (Arbenz, 
1989; Johnson and Cardott, 1992).
2.2.3. Late Paleozoic (333 - 245 m.y. ago)
D uring the Late M ississippian and Pennsylvanian Oklahoma was 
affected by major changes. Initially, an episode of Late M ississippian - Early 
Pennsylvanian epeirogenic uplift throughout most of the state produced a 
w idespread pre-Pennsylvanian unconformity, except in  the deep Anadarko 
and Ardm ore basins, where the sedimentation was apparently continuous 
(Johnson et al., 1988; Elmore et al., 1990). Subsequently, a series of pulses in
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the aulacogen and the O uachita trough during  Early through M iddle 
Pennsylvanian time produced, or contributed to, the following geologic 
events: folding and thrusting of the Ouachita Foldbelt; raising of the W ichita, 
Criner, Arbuckle, Nemaha, and Ozark uplifts; and increased subsidence of the 
Anadarko, Ardmore, M arietta, Arkoma, and Hollis basins (Ham and W ilson, 
1967; Johnson e t al., 1988).
Pennsylvanian strata in  Oklahoma consist of shales, sandstones, 
conglomerates, and limestones, w ith thicknesses ranging hrom 3,000 to 4,500 
m  (McKee e t al., 1975). Thin coal beds are found in Desmoinesian strata, 
mainly in  the Arkoma Basin and on the Cherokee Platform  (Johnson and 
Cardott, 1992).
In the Ouachita trough about 1,800 m  of flysch sedim ents were 
deposited in  the M ississippian through M orrowan and Atokan tim es 
(Arbenz, 1989). The trough was then destroyed during the Ouachita orogeny 
(Desmoinesian) w ith northw ard thrusting and complex folding of the basin 
rocks, form ing the present-day Ouachita M ountains (Johnson and Cardott, 
1992).
Perm ian rocks are exposed in the northw est corner of the Oklahoma 
basin (Johnson e t al., 1988) and in  isolated locations in the southeast part 
(Hollis basin). They consist of nearly 500 m  of alluvial-deltaic and m arine 
sandstones, mudstones, carbonates, and shales.
2.2.4. Post Paleozoic
Post-Paleozoic rocks were not presently found at the sites I studied. 
However, in  other parts of Oklahoma, Johnson and Cardott (1992) described 
Jurassic, Cretaceous and Tertiary strata in the west; Cretaceous strata in the 
south east; and Quaternary deposits at many places throughout Oklahoma.
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3. THERMAL METHODOLOGY
3.L Temperatttie data
The tem perature data used  in  this study were obtained by the 
American Petroleum  Institute from  1926 to 1929 and the results were 
published in  1930 (McCutchin, 1930). The aim  of API research was to study 
"deep E arth  tem peratures" an d  the possible relationsh ip  betw een 
tem perature, geologic structure, and petroleum  occurrence (Heald, 1930). 
M easurements were made w ith maximum-reading m ercury therm om eters 
(Van Orstrand, 1930). McCutchin (1930) reported the results of measurements 
m ade in 153 w ells, including 119 boreholes in  O klahom a. These 
measurements and others were later compiled by Spicer (1964). Subsequently, 
Guffanti and Nathenson (1981) used Spicer's (1964) original data set when 
they created their geothermal m ap of the United States (Nathenson and 
Guffanti, 1987; 1988).
In this study, I use API tem perature data from 20 boreholes filled w ith 
salt water or rotary m ud in Oklahoma which met the following two criteria 
established by G uffanti and N athenson (1981): (1) the tem perature 
measurements were made to depths of 600 m or greater while at therm al 
equilibrium; (2) the tem perature-depth profile appeared to be "conductive" 
(i.e., linear or piecewise linear) w ithout obvious perturbations due to drilling 
disturbances or groundwater flow. The second criterion is imposed by the fact 
that gas evolution and expansion in  the producing wells (as is firequently 
encountered in  Oklahoma) will cause a tem perature drop in  the producing 
reservoir. Even if a test well was shut-in, any neighboring well which has 
been producing firom the same reservoir for some time w ill lower the 
temperature of the reservoir rock near the test well due to such effects. The 
underground migration of fluids such as oil or water also has the potential to
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'cause tem perature disturbances. The quality of the tem perature data is 
discussed later in Sec. 5.1.
The 20 boreholes used in  this study cover a central area of the state of 
Oklahoma, between about 34°N and 37**M latitude and about 96°W  and 9 8 ^  
longitude. They are shown in  Figure 13 and in Figures A2, A4, A6, AS, AlO, 
A12, A14, A16, A18, A2G, A22, A24, A26, A28, A30, A32, A34, A36, A38, and 
A40 under the name "Temperature Well" (Appendix A). The exact locations 
are listed in  Table 1. The tem perature data were recorded w ith  maximum 
thermometers at discrete depths (McCutchin, 1930) and are show n in  Figures 
A la, A3a, A5a, A7a, A9a, A lla , A13a, A15a, A17a, A19a, A21a, A23a, A25a, 
A27a, A29a, A31a, A33a, A35a, A37a, and A39a (Appendix A). An example of 
recorded temperatures is presented in Figure 5a.
In order to mitigate the possible influence of the topographic surface 
and recent climatic changes, tem perature measurem ents in the first 150 m 
below the topographic surface were not used in this study to calculate thermal 
gradients or heat flow.
3.2. Thermal gradients
Based on temperature data m easured in  the 20 boreholes (Figures A la, 
A3a, A5a, A7a, A9a, A lla , A13a, A15a, A17a, A19a, A21a, A23a, A25a, A27a, 
A29a, A31a, A33a, A35a, A37a, and A39a), interval therm al gradients were 
calculated betw een consecutive tem perature m easurem ents. They are 
depicted in Figures A lb, A3b, A5b, A7b, A9b, A llb , A13b, A15b, A17b, A19b, 
A21b, A23b, A25b, A27b, A29b, A31b, A33b, A35b, A37b, and A39b (Appendix 
A). An example of calculated therm al gradient is show n in  Figure 5b. An 
average therm al gradient was also calculated for each well in  which the 
tem perature was measured. The m ethod used to calculate average thermal
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TABLE 1
«
Well DaU Surface Heat Flow
Site
#
Name
of
site'
Lat.
(ON)
Long.
(OW)
Section-
Township-
Range
Elevation
(m)
Depth
range^
(m)
Therm al
gradient
(oC/km)
N3 In-situ
conductivity^
(W /m-K)
Heat flow 
(mW/m2)5
1 B-11 36.85 97.22 8-28N-1E 340 157-1020 36.63 78 1.1110.03 4118
2 110 36.75 97.35 12-26N-2W 310 460 - 875 38.36 52 1.3810.02 53111
3 T-1 36.59 97.28 2-24N-1W 293 168 - 860 34.75 74 1.4910.05 52110
4 T-16 36.52 97.34 20-24N-1W 305 152 - 831 34.80 76 1.3010.03 4519
5 114 36.22 97.41 9-20N-2W 366 152-913 31.12 83 1.5310.05 4&t9
6 CU-16 35.94 96.57 16-17N-7E 274 152 - 838 31.77 59 1,9610,11 62112
7 OC-2 35.52 97.50 15-12N-3W 357 152-1219 17.37 60 1.8010.23 3116
8 117 35.47 96.20 36-12N-10E 408 152 - 838 42.11 53 2.0410.14 86117
9 OC-1 35.43 97.46 13-11N-3W 382 306 -1829 21.15 89 1.3310.03 2816
10 C-4 35.36 96.45 10-10N-8E 273 152-914 41.09 77 1.8510.09 76115
11 P-2 35.29 96.32 35-10N-9E 250 212-825 42.24 60 1.7710.10 75115
12 E-5 35.23 96.72 19-9N-6E 279 152-914 30.07 85 1.9310.06 58111
13 29 35.18 96.76 10-8N-5E 279 152-1067 28.97 91 1.6310.05 4719
14 BO-2 35.17 96.67 16-8N-6E 285 152-971 29.13 81 1.5910.06 4619
15 WE-5 35.17 96.45 15-8N-8E 259 152-914 39.01 103 1.6410.05 64112
16 128 35.00 96.50 7-6N-8E 258 152 -1067 34.92 71 1.4710.04 5116
17 1 34.91 96.53 14-5N-7E 274 146-799 28.72 90 1.5310.07 4419
18 SA-1 34.47 97.56 18-1S-3W 290 152-686 14.11 86 2.2210.04 3116
19 W-6 34.42 98.26 4-2S-10W 315 212-599 16.50 77 1.3510.01 2214
20 HE-7 34.19 97.39 22-4S-2W 262 160 - 838 17.10 53 2.0210.07 3517
iThe well in which the temperature was measured, after Guffanti and Nathenson (1981) notation, 
^Depth range for which both temperature and conductivity measurements were available. 
^Number of thermal conductivity measurements.
^Harmonic mean of measurements after corrections for anisotropy, temperature, and porosity. The error is one 
standard error of the arithmetic mean.
^The error is one standard error of the arithmetic mean.
gradients was a least-squares linear regression of the tem perature 
m easurem ents below 150 m depth. Numerical values of average therm al 
gradients are given in  Table 1.
3.2.1 Thermal gradient corrections
The topography of central Oklahoma where the 20 wells are located is 
nearly flat, w ith elevation above sea level ranging firom 250 m  (site #11) to 408 
m  (site #8). The topographic gradient for the 20 sites is less than 3%, based on 
interpolation of contour lines of topographic maps.
The correction for heat flow through a surface which slopes less than 
3% is less than 1% at depths greater than 20 m (Lachenbruch, 1969). Therefore, 
no topographic correction was applied to calculated therm al gradients or 
estim ated heat flows.
3.3. Thermal conductivity
Thermal conductivity measurements were made w ith a divided-bar 
apparatus (Birch, 1950; Beck, 1957; Roy et al., 1981; Sass et al., 1984) using the 
cell technique of Sass et al. (1971), which allows the determ ination of the 
therm al conductivity of a randomly oriented aggregate of rock matrix at room 
tem perature (Xag) To estimate Xpr/ the in situ  therm al conductivity of a 
porous rock perpendicular to bedding, corrections m ust be made for the 
effects of anisotropy, temperature, and porosity.
I made 1,498 thermal conductivity measurements (Table 2) on drill 
cuttings ffom 28 wells (locations indicated in  Table 2 and shown in Figures 
A2, A4, A6, A8, AlO, A12, A14, A16, A18, A20, A22, A24, A26, A28, A30, A32, 
A34, A36, A38, and A40 (Appendix A) under the name "Conductivity Well"). 
Some sites (#3, Fig. A5c; # 6, Fig. A llc; #9, Fig. A17c; #12, Fig. A23c; #15, Fig.
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TABLEZ
Thermal
«
Site
#
Well name Section-
Township-
Range
Depth interval(s) 
(m)
■ -  LT Offset^
(m)
N3 In-situ
conductivity*
(W /m-K)
1 Herman #3 8-28N-16 157-1020 1000 + 9 78 1.11±0.03
2 McCuloch #1 12-26N-2W 460-1131 652 + 47 52 1.3810.02
3 McAninch #1 (M-1) 1-24N-1W 168 -1033; 1310 -1478 1848 -28 48 1.1810.03
L.Shawer#93(L-93) 2-24N-1W 1046 -1290 1040 + 28 26 1.8010.07
4 Gravel #1 20-24N-1W 105 - 831 565 - 6 76 1.3010.03
5 Providence #1 4-20N-2W 148-913 2348 -4 83 1.5310.05
6 Stewart #1 (S-1) 16-17N-7E 151-398 187 + 1 23 2.1010.10
Dacon #37 (D-37) 16-17N-7E 414-853 345 + 2 36 1.8210.12
7 Thompson #1 15-12N-3W 111 -1224 10 0 60 1.8010.23
8 Skeleton #2 3D-12N-10E 131-850 1826 + 5 53 2.0410.14
9 Wheeler #4 (W-4) 13-11N-3W 306-1175 870 + 32 54 1.3710.04
Wheeler #2 (W-2) 13-11N-3W 1190 -1832 783 + 25 35 1.2610.05
10 Johnson #1 10-10N-8E 105 - 922 652 + 26 77 1.8510.10
11 Williams #3 34-10N-9E 212-825 1783 -16 60 1.7710.10
12 Fixico #5 (F-5) 20-9N-6E 147-240 1478 + 8 11 2.5010.03
Chowing #7 (C-7) 19-9N-6E 252 - 921 565 + 5 74 1.8710.05
13 Tiger #3 3-8N-5E 145-1081 2087 -3 91 1.6310.05
14 Livingstone #13 15-8N-6E 148 - 971 739 + 37 81 1.5910.06
15 Beard #1 (B-1) 21-8N-8E 151-233; 745-918 1783 -4 37 1.5610.07
H arper#! (H-1) 15-8N-8E 238-734 434 -1 66 1.6810.07
16 Bryant #1 (Br-1) 7-6N-8E 151-961 935 -30 63 1.6810.07
Holotka #2 (H-2) 7-6N-8E 985-1072 826 - 6 8 1.2510.03
17 Cully #2 13-5N-7E 142-819 870 + 14 90 1.5310.07
18 Edge Hardin #11 (EH-11) 18-1S-3W 152 - 476 760 -82 53 2.1410.05
Hardin Heirs #2 (HH-2) 18-1S-3W 488-695 870 + 32 33 2.4010.05
19 Beard #1 32-lS-lOW 212 - 599 1783 0 77 1.35±0.01
20 Dillard #115 22-4S-2W 160-844 304 - 59 53 2.02±0.07
1 Distance from the temperature well (m). The range is 10 - 2348 m; average distance is 1013 ± 23 m, Error is one 
standard error of the arithmetic mean.
^Stratigraphie offset above (+) or below (-) the temperature well. Range is between -82 m and + 32 m; average is + 4.4 
± 0.88 m. Error is one standard error of the arithmetic mean.
^Number of thermal conductivity measurements.
^Harmonic mean of measurements of all intervals after corrections for anisotropy, temperature, and porosity. The 
error is one standard error of the arithmetic mean. The average thermal conductivity for 1498 measurements is 1.68 
± 0.07 W/m-K (range 0.90 - 6.10 W/m-K).
A29c; #16, Fig. A31c; and #18, Fig. A35c) required  more than  one 
"conductivity" well in  order to sample the whole depth  of the "temperature" 
well.
Drill cuttings and core samples were not available from the wells in 
w hich the API tem perature measurements were m ade. I therefore utilized 
m easurem ents on  rock samples from  the closest available well. All of the 
rock samples used for therm al conductivity measurements in  this study came 
from  the Core Library of the Oklahom a Geological Survey in  Norman. 
Searching carefully the catalog for core samples to be used in this study for 
therm al conductivity or heat production m easurem ents, I found that very 
few core samples were available and the existing ones covered lim ited depth 
intervals. Therefore, drill cuttings w ere used instead of core sam ples for 
therm al conductivity measurements in  this study.
The h o rizo n ta l d istance betw een  "tem perature" w ell and  
"conductivity" well varies from 10 m (site #7, Fig. A14) to 2,348 m  (site #5, 
Fig. AlO) (Table 2, see also Figures A2, A4, A6, A8, AlO, A12, A14, A16, A18, 
A20, A22, A24, A26, A28, A30, A32, A34, A36, A38, and A40 (Appendix A). 
The average horizontal distance betw een the "tem perature" w ell and 
"conductivity" well was 1,013 m.
The sam pling strategy was intended to provide as uniform as possible 
coverage of all lithologies found in a well. I usually sampled every 20 ft (-6  
m) of depth for wells w ith highly variable lithology, and every 30 - 40 ft (-9  - 
12 m ) for wells w ith uniform  lithology over long depths. The sam pling 
intervals were chosen after tests have shown th a t therm al-conductivity 
average values and their associated errors do not change significantly w ith 
decreasing sampling intervals.
Because the wells in  which the tem perature and thermal conductivity
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m easurem ents were m ade were no t a t the same stratigraphie level or 
elevation, it was necessary to correct for the stratigraphie offset. This was done 
by constructing a correlation map for each site (Figures A2, A4, A6, A8, AlO, 
A12, AM, A16, A18, A20, A22, A24, A26, A28, A30, A32, A34, A36, A38, and 
A40 (Appendix A). An example is show n in  Figure 6. Stratigraphie m aps were 
constructed by using form ation tops (as indicated by logs) found in  the 
completion cards on file a t the University of Oklahoma Geology Library and 
Core and Sample Library in  Norman.
There is a vertical offset betw een the "temperature" w ell and the 
"conductivity" well (Figures A2, A4, A6, A8, AlO, A12, A14, A16, A18, A20, 
A22, A24, A26, A28, A30, A32, A34, A36, A38, and A40 (Appendix A). Figures 
5c, A le, A3c, A5c, A7c, A9c, A llc , A13c, A15c, A17c, A19c, A21c, A23c, A25c, 
A27c, A29c, A31c, A33c, A35c, A37c, and A39c (Appendix A) show  the 
determ ined conductivity values and, under each panel, the offset value is 
given (positive offset values mean that the "temperature" well is at a higher 
stratigraphie elevation than "conductivity" well, while negative offset values 
mean that the "temperature" well has a lower stratigraphie elevation than 
the "conductivity" well). The stratigraphie offset ranges between -82 m  (site 
#18, Fig. A36) and +32 m  (site #9, Fig. A18) (Table 2). The stratigraphie offsets 
were used in  calculating heat flow intervals by matching thermal gradients to 
corresponding  s tra tig ra p h ie  in te rv a ls w ith therm al conductiv ity  
m easurem ents.
There is an inherent uncertainty in  the stratigraphie m aps due to 
diversity of nam es used  to define the same stratigraphie form ation. 
Depending on time the well was drilled and the company that perform ed it, 
the names I found, even for close locations, were sometimes variable. For 
example, the Layton sand is described by some drilling company geologists as
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having two or more horizons. In some cases, the name of an upper or lower 
horizon is replaced by another name, which has a local use. Some horizons, 
of no interest for oil or gas, have been omitted from some scout cards. In all 
such situations, I tried to be very consistent to avoid misnaming. Overcoming 
this difficulty and obtaining the m ost accurate stratigraphie map possible was 
due to using the correlation charts of Paleozoic formations kindly provided by 
Dr. Robert Fay from Oklahoma Geological Survey (pers. comm., 1996).
3.3.1. Anisotropy correction
The relevant thermal conductivity for the estim ation of heat flow is 
usually the therm al conductivity perpendicular to bedding, bu t m any 
sedim entary rocks are highly anisotropic, especially shales. The in situ  
therm al conductivity of shales parallel to bedding (%%y) may be two or three 
times higher than that perpendicular to bedding (%z) (Deming , 1994a). Rock 
fiagments that are more or less randomly oriented in the cell is likely to give 
a conductivity that is intermediate between Xxy and Xz. 1 m ade an anisotropy 
correction using the method of Deming (1994a), calibrated by measurements 
on Pennsylvanian age sedim entary rocks in  north-central Oklahoma 
(determ ined by needle-probe measurements on  cores in both perpendicular 
and longitudinal directions and reported by Deming and Borel, 1995). Matrix 
conductivity perpendicular to bedding (Xz) was calculated as
Xz = exp (Doge (Xag) - 0.6145] /  0.5568} (1)
for 1.87 < Xag < 4.0 W /m-K. For Xag > 4.0 W /m-K no correction is needed, and 
for Xag < 1.87 W /m-K, Xz was taken as 1.0 W/m-K.
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3.3.2. Temperature correction
In a rock aggregate filled w ith  w ater, bo th  m atrix and w ater 
conductivity are functions of tem perature. Generally, m atrix conductivity 
tends to decrease w ith increasing tem perature for rocks whose m atrix 
conductivity a t room tem perature (22®C) is higher than  about 2.0 W /m-K. 
However, the opposite tends to be true for rocks whose matrix conductivity at 
room tem perature (22®C) is lower than 2.0 W/m-K: their matrix conductivity 
tends to increase w ith increasing tem perature (Birch and Clark, 1940). The 
tem perature behavior of these rocks is not so well know n as for crystalline 
rocks for which a more extensive data base exists. U nfortunately, nearly all 
measurements made w ith the cell technique and reported in the literature are 
on sedim entary rocks, m any of which tend to have relatively low m atrix 
conductivities (< 2.0 W /m-K) at room temperature (22®C). The tem perature 
correction applied was that recommended by Sekiguchi (1984):
= ^m + {[ To.Tm /  (Tm - To)] x [Xz - Xm] x [( 1/T) - (l/T m ll (2)
where T is the estim ated in situ  tem perature in kelvin, X t is the estim ated 
matrix conductivity perpendicular to bedding at in situ  tem perature T, Xm 
and Tm are the thermal conductivity and absolute tem perature (kelvin) at 
w hat Sekiguchi (1984, p. 75) refers to as "the assumed point", and X% is the 
matrix therm al conductivity perpendicular to bedding at room tem perature 
To The values suggested by Sekiguchi (1984, p. 75) for Xm and Tm are 1.8418 
W /m -K and 1473 K, respectively. For sedimentary rocks over a range of 
tem peratures corresponding to in situ temperatures in  the Arkoma basin and 
the Oklahoma Platform (~20 - 140®C), it was found (Lee et al., 1996) that the
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S ek ig u ch i (1984) m e th o d  m atch ed  a v a ila b le  e x p e rim en ta l 
tem perature/therm al conductivity data better than alternative corrections 
(Zoth and  Haenel, 1988; Sass e t al., 1992), especially for rocks w ith  
conductivities at 25®C lower than 2.0 W /m-K.
For the temperature range f o u ^  in  wells studied here 16.6°C (at 152 m, 
site #9, Fig. A17a) to 56.8®C (at 991 m, site #11, Fig. A21a) the tem perature 
correction is about ±2%.
3.3.3. Porosity correction
The cell m easurem ents yield  only  an  estim ate of the m atrix  
conductivity. The in situ conductivity of a rock depends not only upon the 
m atrix conductivity, but also upon the therm al conductivity of the fluid 
saturating its pores. Therefore, in order to estim ate the in situ conductivity 
one m ust have some estim ate of in situ  porosity. I used density logs to 
estim ate in situ  porosities for the closest possible site to the conductivity 
wells. The porosities obtained from density logs were calibrated by using 
m atrix density measurements on drill cuttings used for therm al conductivity 
m easurem ents.
The "porosity" wells (used to estim ate in situ porosity necessary for 
porosity correction, see eq. 3) are listed in  Table 3 and are shown in Figures 
A2, A4, A6, A8, AlO, A12, A14, A16, A18, A20, A22, A24, A26, A28, A30, A32, 
A34, A36, A38, and A40 (Appendix A) under the name "Porosity Well". The 
depth intervals available for porosity determ ination vary between 16 m (site 
#20) and 2224 m (site #7). The length of dep th  intervals used for porosity 
logging ranges 290 m (site #1) - 1311 m (site #9); the average length of depth 
intervals is 651 m. The horizontal distance between the "conductivity" well(s) 
and "porosity" well range from 434 m (site #7, Fig. A14) to 3,826 m (site #3,
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TABLE3
K
Site
#
Well name Section-
Township-
Range
Elevation
(m)
Depth
interval
(m)
LI Offset*
(m)
Average
porosity
1 Sims #1 7-28N-1E 337 37 - 327 1435 + 5 0.17
2 North #15 12-26N-2W 315 518-945 1087 -70 0.09
3 Christa #1 10-24N-1W 320 214-820 3239 (L-93) -35 0.13
3826 (M-1) + 21
4 Carter #1-B 20-24N-1W 330 118-471 478 + 2 0.21
5 Cox #2 9-20N-2W 367 973 -1585 1870 -2 0.04
6 Shamrock Royalty-Tract 21-17N-7E 287 427-850 739 (S-1) -28 0.05
3#W-22 1130(0-37) -29
7 Henderson #1-14 14-12N-3W 343 1538 - 2224 434 -1 0.02
8 Burnett #1-36 36-12N-10E 292 618-1157 2261 -1 0.05
9 Jennings "A" #4 13-11N-3W 381 332 -1643 740 (W-4) -38 0.20
739 (W-2) -31
10 Standon Little #6 10-10N-8E 276 454 -1249 1000 -47 0.07
11 Thomas Ryan #1-35 35-10N-9E 248 115-1111 1435 + 1 0.08
12 Nichols #6 19-9N-6E 286 792 -1331 1304 (F-5) + 5 0.08
957 (C-7) + 8
13 Hurst #1 10-8N-5E 275 79-1310 2304 -2 0.14
14 Goforth #24 15-8N-6E 283 334 - 959 1000 -9 0.15
15 Chamblee #1 15-8N-8E 261 593-1226 1630 (B-1) + 4 0.07
652 (H-1) -2
16 Seller Hyde #6-A 6-6N-8E 278 298 - 945 1391 (Br-1) “ 8 0.08
2174 (H-2) -31
17 K aty#l 14-5N-7E 287 287 - 613 1674 -22 0.11
18 County Line Unit #11- 18-1S-3W 284 395 -1127 587 (EH-11) + 45 020
2B 1000 (HH-2) -71
19 Freeman #5 5-2S-10W 310 457 - 767 1217 + 2 0.15
20 Hewitt unit #22-4203 22-4S-2W 277 16-912 1000 +114 0.21
1 Distance in m from the well with conductivity measurements (abbreviations between parentheses refer to the 
conductivity wells from Table 2). The range is 434 - 3826 m; the average distance between the conductivity well and 
the porosity well is 1382 ± 30 m. Error is one standard error of the arithmetic mean.
Stratigraphie offset above (+) or below (-) the conductivity well(s). The range is between -70 m and + 114 m; the
average offset is - 8 ± 1 m. Error is one standard error of the arithmetic mean.
Porosity has been determined from density logs (gamma - gamma, compensated densilog) using the matrix densities
from conductivity measurements as a constraint. The range of porosities is between 0.02 and 0.21; the average 
porosity for the 20 wells investigated is 0.12 ± 0.003.
Fig. A6); the average horizontal distance is 1^82 m.
The "conductivi^" and "porosity" wells are not, in  general, at the same 
stratigraphie level. The stratigraphie offset is positive (+) when the "porosity" 
well is stratigraphically higher than "conductivity" well and is negative (-) 
when the "porosity" well is stratigraphically lower than "conductivity" well. 
The stratigraphie offset varies betw een -70 m (site Fig. A4) and +114 m 
(site #20, Fig. A40); the average stratigraphie offset of "porosity" wells w ith 
respect to "conductivity" wells is -81 m  (Table 3). The stratigraphie offset 
values were used to adjust the porosities of "conductivity" well strata. For 
each site, porosities determ ined from density logs were constrained by using 
matrix densities obtained after therm al conductivity measurements.
The average porosities for the 20 sites studied vary from 0.02 (site #7) to 
0.21 (site # 20); the average porosity value for all 20 sites is 0.12. The average 
porosity for Permian samples is 0.21; for Pennsylvanian samples is 0.11; for 
Mississipian samples is 0.06; for Devonian sample is 0.04; and for Ordovician 
samples is 0.01 (Table 4). Porosity decreases w ith burial depth and depends 
upon lithology.
Porosity corrections were m ade using a geometric mean model. In situ 
conductivity (Xpr) was estimated as
Xpr = (X.T)l +  (Xw)* (3)
where X>t is the estimated matrix conductivity perpendicular to bedding at in 
situ temperature T, Xw is the estim ated conductivity of pore fluid (water) at in 
situ  temperature T, and <> is the average formation porosity. For the porosity 
range found in  the wells I studied (0.02 - 0.21; average is 0.12), Xpr is decreased 
by comparison with Xy by 3% - 23% (average 14%).
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TABLE4
Thermal Conductivities in central Oklahoma
Geologic unit Lithology N ' In situ 
conductivity^ 
(W/m-K)
Matrix
conductivity^
(W /m-K)
Porosity^
Permian red
sandstone
shale
107 1.49±0.03 1.6310.04 0.21
Pennsylvanian shale
lim estone
1369 1.6710.01 1.8410.02 0.11
Mississippian shale
lim estone
16 1.6210.08 1.7810.08 0.06
Devonian shale 1 1.47 1.51 0.04
Ordovician shale 5 1.3410.07 1.5010.06 0.01
* Number of measurements,
^Harmonic mean of measurements after corrections for anisotropy, temperature, and porosity. The error is one 
standard error of the arithmetic mean.
^Harmonic mean perpendicular to bedding at 22*C. The error is one standard error of the arithmetic mean. 
^Estimated from density logs and matrix density measurements.
The conductivity of the saturating pore fluid (Xw) was assumed to be 
the sam e as pure water and was calculated after Touioutdan e t al., 1970 as:
Xw(D = 0.5648 + 1.878 x lO-^T - 7.231 x l O r ^ ,  for 0 ^  T S 137 «C (4)
For the tem perature range found in the w ells I studied, Xw varies 
betw een 0.594 W /m -K (for T = 16.6‘C) and 0.648 W /m -K  (for T = 56.8®C).
3.4. Heat production
Few heat production measurements have been m ade on basement 
rocks in  Oklahoma, m ainly because nearly the whole state is covered by large 
thicknesses (as much as 12 km in the Anadarko Basin) of sedim entary rocks 
(Roy e t al., 1968; Borel, 1995; Lee et al., 1996). A search of the core library of the 
Oklahom a Geological Survey has shown that very few cores of Oklahoma 
basem ent are available; heat production in  the four existing ones were 
m easured by Borel (1995). Therefore, I estim ated the heat production of the 
basem ent rocks of Oklahom a in  an indirect w ay, using an em pirical 
relationship between gamma ray values, m easured in  wells that penetrated 
the basem ent, and heat generated in those rocks (Bûcker and Rybach, 1996):
A = 0.0158(7-0.8) (5)
w here A is heat production in ^iW/m^ and y  is the gamma ray log reading in 
API units. The above relationship is considered to be valid for an interval of 
A ranging 0.03 - 7.0 pW /m ^ within an accuracy of ± 10% (Bücker and Rybach, 
1996).
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3.5. Heat flow
Several m ethods can be used to com bine the tem perature and 
c o n d u c t i v i t y  data to give heat flow. Heat flow estim ates in  this study were 
obtained by the so-called "interval method". This procedure may reveal 
disturbances by w ater flow and other departures from an equilibrium  
conductive system. Variations of apparent heat flow due to conductivity 
sam pling errors are also sometimes revealed. In other words, the "interval 
method" is very powerful for showing the individual characteristics of any 
data set, for detecting disturbances, or for verifying the quality of 
measurements (Jessop, 1990).
H eat flow at each site was estimated as follows;
(a) Heat flow intervals (Figures A id, A3d, A5d, A7d, A9d, A lld , A13d, 
A15d, A17d, A19d, A21d, A23d, A25d, A27d, A29d, ASld, A33d, A35d, A37d, 
and A39d) by m ultiplying thermal gradients (Figures A lb, A3b, A5b, A7b, A9b, 
A llb , AlSb, A15b, A17b, A19b, A21b, A23b, A25b, A27b, A29b, A31b, A33b, 
A35b, A37b, and A39b) by in situ therm al conductivities (Figures A le, A3c, 
A5c, A7c, A9c, A llc , A13c, A15c, A17c, A19c, A21c, A23c, A25c, A27c, A29c, 
A31c, A33c, A35c, A37c, and A39c) (Appendix A) from the same depth 
interval as for thermal gradients. An example is shown in Figure 5d;
(b) Average heat flow for a site (Table 1), by multiplying the average 
therm al gradient (obtained by a simple linear regression based on least 
squares) by harmonic mean of all in situ therm al conductivities measured in 
the "conductivity" well(s). The resulting heat flow values are listed in the last 
column of Table 1 and are shown in Figure 13.
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4. RESULTS
4.1. Thermal gradients
For each site, interval thermal gradients (Figures A lb, A3b, A5b, A7b, 
A9b, A llb , A13b, A15b, AlTb, A19b, A21b, A23b, A25b, A27b, A29b, A31b, 
A33b, A35b, A37b, and A39b, Appendix A) and an average therm al gradient 
(Table 1) were calculated as explained in  Sec. 3.2. The m inim um  interval 
therm al gradient, maximum interval therm al gradient, and average therm al 
gradient for each site are given in  Appendix B.
The m ean of 20 average thermal gradients is 3G.5G*’Okm. In  general, 
therm al gradients increase from  SW (14.11®C/km, site #18) to NE 
(42.24°C/km, site #11). Other geothermal maps of Oklahoma show the same 
trend. Thus, Gilarranz (1964) and Schoeppel and Gilarranz (1966) indicate a 
variation of geothermal gradients from 14.4°C/km in SW to 25.5°C/km in 
NE; Cheung (1978, 1979), and H arrison et al. (1983) show th a t therm al 
gradients in  Oklahoma vary from 19.9®C/km in SW to 41.5®C/km in NE. On 
the geotherm al gradient map of the conterm inous U. S., N athenson and 
Guffanti (1988), showed the southwestern part of Oklahoma outlined by the 
25°Okm isoline and two other areas (north central and southeastern) 
delineated by a 35°Gkm isoline. Thus, my average value of 3G.5®Ckm falls 
between those values.
4.2. Thermal conductivity
U sing the m ethod described in  Sec. 3 .3 , I made 1,498 therm al 
conductivity m easurem ents (Table 1, Table 2, and Table 4). Thermal 
conductivity variation w ith depth is shown for each site in  Figures A le, A3c, 
A5c, A7c, A9c, A llc , A13c, A15c, A17c, A19c, A21c, A23c, A25c, A27c, A29c, 
A31c, A33c, A35c, A37c, and A39c (Appendix A). Variation of therm al
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conductivity w ith both depth and geologic ages for each site is shown in 
Figure 7 (for sites #1, #3, and #4), Figure 8 (for sites #5, #6, #7, and #8),
Figure 9 (for sites #9, #10, #11, and #12), Figure 10 (for sites #13, #14, #15, and 
#16) and Figure 11 (for sites #17, #18, #19, and #20).
In order to cover the whole tem perature interval, for some sites (#3, 
#9, #12, #15, #16, and #18) drill cuttings from  two w ells were used for 
thermal conductivity m easurements. These sites are show n in Figures A5c 
(for site #3), A llc  (for site #6), A17c (for site #9), A23c (for site #12), A29c (for 
site #15), A31c (for site #16), and A35c (for site #18) by different abbreviations 
and symbols.
After corrections for anisotropy, tem perature, and porosity, the range of 
1,498 in situ thermal conductivity measurements was 0.90 - 6.10 W /m-K. The 
average in situ  thermal conductivity for 1,498 measurements was 1.68 ± 0.07 
W /m -K (Table 2). The error spedffed here and throughout the text is one 
standard error of the arithm etic mean, unless otherwise specified.
A short presentation of thermal conductivity data for each site is given 
in  Appendix C. Table 4 and Figures 7, 8, 9, 10 and 11 show the therm al 
conductivity distribution w ith age for 20 sites studied in central Oklahoma.
107 samples of Permian age, represented mainly by red sandstone and 
shale, yielded an average in situ thermal-conductivity of 1.49 ± 0.03 W /m -K 
and an average matrix thermal-conductivity of 1.63 ± 0.04 W/m-K.
1369 samples of Pennsylvanian age, represented mainly by shale of 
different colors (gray, black, red) and small amounts of limestone, yielded an 
average in situ  thermal conductivity o f 1.67 ± 0.01 W /m -K  and an average 
matrix thermal conductivity of 1.84 ± 0.02 W /m-K.
16 sam ples of M ississippian age, represented m ainly by shale of 
different colors (gray, black, red) and small amounts of limestone, yielded an
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average in situ  thermal conductivity of 1.62 ± 0.08 W /m -K  and an average 
matrix thermal conductivity of 1.78 ± 0.08 W/m-K.
There is only one sample of Devonian age, a piece of (probably) 
W oodford shale, that has an m situ  thermal conductivity of 1.47 W /m -K and 
a matrix thermal conductivity of 1.51 W/m-K.
5 samples of Ordovician age, mainly represented by shale, yielded an 
average in situ  thermal conductivity of 1.34 ± 0.07 W /m -K  and an average 
matrix therm al conductivity of 1.50 ± 0.06 W/m-K.
In general, the depth intervals used to determ ine heat flow values in 
this study were shallow (see Figures A la, A3a, A5a, A7a, A9a, A lla , A13a, 
A15a, A17a, A19a, A21a, A23a, A25a, A27a, A29a, A31a, A33a, A35a, A37a, and 
A39a, Appendix A), around 1,000 m or less. Therefore, Pennsylvanian and 
Perm ian ages are oversam pled, w hile M ississippian, Devonian, and 
Ordovician ages are undersampled. The relatively low therm al conductivities 
reflect the dominance of shale in the lithologie units.
A systematic study of 843 samples horn the Arkoma Basin (Lee e t al., 
1996) showed similar thermal conductivity values for different geologic ages 
(except the Ordovician samples). In their study, Pennsylvanian rocks (shales, 
sandstones, and lim estones) displayed the follow ing m atrix therm al 
conductivity  values: Savanna Form ation - 2.05 W /m -K ; M cAlester 
Form ation - 1.84 W /m-K; H artshom e Form ation - 2.28 W /m-K; Atoka 
Form ation - 1.71 W /m-K; M orrowan Form ation - 1.49 W /m -K. The 
M ississippian - Devonian rocks (shale, limestone), m easured by Lee e t al. 
(1996) have a matrix conductivity of 1.73 W /m-K, Devonian - Silurian rocks 
(limestone, shale) showed an average matrix conductivity of 1.97 W /m -K, 
and the Ordovician rocks (limestone, shale, sandstone) have an average 
matrix conductivity of 2.40 W /m-K. The last value differs from the value I
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found in  this study (1.50 W /m -K ), probably because there are fewer 
Ordovician age samples in  my study (5 vs. 55).
4.3. Heat production
Based on the procedure described in  Sec. 3 .4 ., I made 27 new 
determinations of heat production of basement rocks using gamma-ray logs 
from various parts of Oklahoma (Table 5 and Fig. 12). The average value was 
2.51 ± 0.09, the range of values is from 1.1 pW /m ^ to 3.5 pW /m ^. The average 
heat production of the basement rocks of Oklahoma, as determined from  49 
estimates, including 22 previously published by Roy et al. (1968), Borel (1995), 
and Lee e t al. (1996), is 2.48 ± 0.08 pW /m ^. The age of basement rocks in 
Oklahoma is Middle Proterozoic (1,300 - 1,500 m.y. ago, Denison et al., 1984). 
According to Vitorello and Pollack (1980), the w orldwide average heat 
production rates of basement rocks of Early Proterozoic (2,500 - 1,600 m.y. ago) 
and Late Proterozoic age (900 - 570 m.y. ago) are 1.9 ± 0.0 and 2.4 ± 1.2 pW /m3, 
respectively (the error range indicates ±1 standard deviation). The average 
values found for my 27 measurements (2.51 ± 0.09 pW /m ^) and for the entire 
state of Oklahoma, based on 49 measurements (2.48 ± 0.08 pW /m^) seem to be 
slightly higher than average for continental rocks of similar age.
A comparison between heat generation rates measured on cores and 
using gamma ray logs shows no great difference between data: a core from 897 
m depth measured a t 36.28°N and 96.47®W yielded a value of 2.4 pW  /  m3 
(Borel, 1995); a determ ination made using a ganuna ray log in a basement 
found at 796 m at 36.31°N and 96.51®W produced a value of 2.5 pW /m ^ (Lee et 
al., 1996). The distance between the two sites is about 4.8 km. Another core 
measurement of heat production from  a depth of 2974 m at 34.63°N and 
98.10°W yielded a value of 1.8 pW /m 3 (Borel, 1995). A determ ination using
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TABLE 5 
Heat Production Estimates
Section, Township 
and Range
Latitude
(ON)
Longitude
(OW)
Heat
Production^
(pW /m3)
Depth to 
basement 
(m)
Sampling interval 
below the top of 
basement 
(m)
Geologic
unit2
2-1N-9W 34.58 98.12 1.9 1049 65 CR
2-1N-9W 34.58 98.11 2.2 1070 163 CR
19-2N-10W 34.63 98.28 2.3 333 89 CR
20-2N-10W 34.62 98.26 3.5 273 57 CR
20-2N-10W 34.61 98.25 2.5 298 21 CR
14-4N-21W 34.83 99.40 2.6 350 37 WP
32-4N-21W 34.78 99.42 1.8 152 777 WP
4-5N-24W 34.93 99.74 2.1 1036 207 R
12-5N-24W 34.92 99.68 2.4 914 76 R
16-7N-21W 35.08 99.42 1.7 382 67 CR
21-7N-1W 35.05 97.25 2.5 298 21 MG
25-8N-26W 35.13 99.90 1.9 1049 65 CR
7-25N-4W 36.63 97.60 3.3 2264 21 MG
10-26N-2W 36.74 97.40 2.6 1949 25 MG
1-26N-22W 36.75 99.60 3.1 2612 253 ?
1-27N-10W 36.84 98.22 2.2 2207 18 ?
27-27N-21W 36.79 99.45 3.6 2688 70 ?
13-2N-5E 34.64 96.73 2.2 1372 30 MG
4-1N-22EC 36.57 100.69 2.8 3334 18 ?
10-2N-7EC 36.74 102.40 2.9 2101 29 R
9-2S-2E 34.39 97.10 2.4 488 1759 MG
13-2S-7E 34.37 96.51 2.6 2371 84 MG
35-3S-10E 34.26 96.27 1.6 2417 35 MG
15-5S-8E 34.10 96.44 1.1 3139 683 TG
1-3S-19W 34.33 99.15 1.7 2210 63 M
22-6S-5W 34.02 97.70 1.7 2087 46 CR
5-6S-8W 34.06 98.05 2.2 1265 12 CR
1 Estimated from gamma ray logs as explained in text, average of 27 estimates is 2.51 ± 0.09 pW /m ^
2MG - Mesozonal granite; CR - Carlton rhyolite; R - Rhyolite; WP - Wichita province ( granite, rhyolile, gabbro); TG 
Tishomingo granite; M - Metamorphic rodcs, after Denison et al., 1984. These rocks formed in the interval 1,300 - 
1,500 m.y. ago (Denison et al., 1984)
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Fig. 12. Heat Generation Map of Oklahoma. Big numbers represent geologic 
provinces of Oklahoma, according to Fig. 1.
gamma ray logs, m ade in vicinity of the previous one (34.58®N, 98.12®W, 1049 
m basement depth) produced a value of 1.9 The distance between the
two sites is about 5.8 km.
Using the geologic map of basement rocks of Oklahom a, as it was 
defined by Denison e t al. (1984), I plotted the heat production estimates 
defined for each type of basement rock (Fig. 3) as follows: Carlton Rhyolite: 2.2 
± 0.06 p.W /m 3; W ichita province (Cambrian rocks): 2.2 ±  0.2 n W /m ^; 
Rhyolite: 2.5 ± 0.13 p W /m ^ ; Mesozonal granite: 2.5 ± 0.07 p .W /m 3; 
Metamorphic rocks (mostly metasedimentary, grade variable, mostly low to 
medium): 1.7 nW /m ^; Epizonal granite (Lee et al., 1996): 2.8 ± 0.05 ^iW/m^.
The heat generation map of Oklahoma (Fig. 12), which is the first map 
of this type ever compiled for Oklahoma, represents one of the main results 
of the present study . It comprises 27 new heat production estim ates and 22 
more values previously published by Roy et al. (1968) (one value), Borel
(1995) (four values), and Lee et al. (1996) (seventeen values). The method used 
for interpolating heat generation data was kriging on a grid of 500 x 500 cells 
(Davis, 1986).
There is a trend of increasing heat production rates from  SW and S 
(values < 2 pW /m ^) toward ME and N  (values > 3 p.W/m3), respectively (Fig. 
12). Profiles A - A' (Fig. 14) and B - B' (Fig. 15) show the distribution of 
individual heat generation estimates along SW - NE and N - S directions, 
respectively. The scatter of data does not allow the inference of a definite 
trend, but seems to indicate a distribution of weak radioactive heat sources in 
the SW and S, and stronger sources in  the NE and N.
The area w ith the lowest heat production (< 1.5 jiW /m ^), according to 
Fig. 12, lies in the southeastern parts of the Ardmore Basin and the Arbuckle 
Uplift. Areas with the highest heat production (> 3 p.W/m3, Fig. 12) occupy
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the northcentral p art of the Anadarko Basin, the southern p art of the 
Anadarko Shelf, a sm all part of the western Cherokee Uplift, and isolated 
patches on  the O zark U plift and northeastern corner o f the state. A 
com parison w ith Figure 3 provides a possible explanation relating the trend 
of heat generation to the composition of basement rocks: metamorphic rocks, 
Carlton rhyolite, and mafic rocks (basalts, gabbros) of the W ichita Province 
have heat generation rates of 1.7, 2.2, and 2.2 jiW /m ^, respectively, whereas 
mesozonal granites, epizonal granites, and northeastern rhyolites have heat 
generation rates of 2.5, 2.8, and 2.5 pW /m ^, respectively. The heterogeneous 
com position of the basem ent rocks of Oklahoma is supported by both 
magnetic (Jones and Lyons, 1964; Committee, 1987) and gravimetric (Kruger 
and Keller, 1986; Robbins and Keller, 1992) maps. Large positive anomalies on 
the gravim etric and magnetic maps are usually associated w ith a more mafic 
basement (w ith less heat generation), while lower gravimetric and magnetic 
anomalies are considered produced by a granitic basement (w ith more heat 
generation). For exam ple, basement rocks under the northern shelf, the 
northern edge of the Anadarko Basin, and the Cim arron Arch are considered 
to be cratonic granites (Ham et al, 1964; Ham, 1969; Denison et al., 1984). They 
appear as relative lows on both gravimetric and magnetic maps. In contrast, 
basem ent rocks with a mafic composition (gabbro, basalt), underlying the 
southw estern part of Oklahoma, are indicated by relative high magnetic and 
gravim etric anomalies.
In the heat generation map of Oklahoma (Fig. 12) there are inherent 
uncertainties due to the lack of uniformly distributed values, the lack of heat 
produced by sedim ents, especially shales, and am biguities inherent in the 
kriging (interpolation) procedure. The Anadarko Basin, for example, is partly 
shown as an area of high heat production while, in fact, only basement rocks
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on the margins of the basin were sampled. The Anadarko Basin basement is 
covered by sedimentary rocks w ith thicknesses up to 12 km, and wells rarely 
penetrate it. Caution should therefore be used in  interpreting the extent of 
anomalous high or low heat-generation areas inferred from the extrapolation 
of a few measurements.
4.4. Heat flow
The average near-surface heat flow values for each site (Table 1) range 
from 22 ± 4 mW /m^ (site # 19) to 86 ± 17 m W /m ^ (site #8); the average is 50 
m W /m 2. The distribution of heat flow intervals for each site is shown in 
Appendix D. Compared to the continental average heat flow value of 65 
mW /  m2 (Pollack et al., 1993), the heat flow regime of Oklahoma can be 
characterized as rather low, w ith only one northeastern area on the Cherokee 
Platform (Fig. 13) that exhibits values greater than 65 mW/m2.
A nother main result of this study is the H eat Flow Map of Oklahoma 
(Fig. 13). An earlier version of this map was presented elsewhere (Cranganu 
and Deming, 1997). This map compiles 40 previously published heat flow 
values and 20 new heat flow values reported in  this study. The margins of 
this map were constrained by using 191 published and unpublished heat flow 
values distributed w ithin 30®N - 40®N, 90®W - 105®W area. Published values 
are taken from Blackwell e t al. (1994); unpublished values were kindly 
provided by D. D. Blackwell (pers. comm., Blackwell, 1996) and Foster and 
Merriam (1996) (used by permission). The heat flow map was interpolated 
using a kriging procedure on a grid of 500 x 500 cells (Davis, 1986).
The heat flow map of Oklahoma (Fig. 13) exhibits a relatively low heat 
flow area in  the SW (values < 30 mW /m^), covering the northern parts of the 
M arietta and Hollis Basins and the Wichita Uplift, and a relatively high heat
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flow area (values > 70 mW /m^), in the northeastern part of the Cherokee 
Platform. Between these two areas there is a large area of low-to-intermediate 
heat flow values (30 - 50 mW /m^) covering parts of the Hollis, A rdm ore, 
M arietta, and Anadarko Basins as well as parts of the Arbuckle, Wichita, and 
Ouachita Uplifts, and an area of interm ediate-to-high heat flow values (50 - 70 
m W /m ^), covering parts of the Cherokee Platform , Ozark and O uachita 
M ountains Uplifts, Anadarko Shelf, and Arkoma Basin.
The heat flow and heat generation distributions along profiles A - A 
and B - B' from Figures 12 and 13 are shown in  Figures 14 and 15, respectively, 
along w ith the geologic structure of the upper crust. The individual heat flow 
values are shown as filled circles w ith error bars. In  general, there is a trend of 
increasing of heat flow values from SW (—30 m W /m ^) to ME (-80 mW /m^) 
in Figure 14 and from N  (-70 mW /m^) to S (-30 mW /m^) in Figure 15 which 
seems to be controlled by the depth of basement or thickness of sediments.
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5. ERROR ANALYSIS
5.1. Tem perature data
The in ten tion  of the American Petroleum  Institute in  collecting 
tem perature data I used in this study was to obtain  "absolutely reliable 
m easurem ents" (Heald, 1930, p. 2). Van O rstrand (1930) docum ented the 
instrum ents and  m ethodology used in  the API study. He estim ated the 
accuracy o f individual tem perature determ inations as ±0.3°F (±0.17**C) (Van 
Orstrand, 1930, p. 15) and the probable depth error as 1 foot in 1000 ft (0.3 m 
per 305 m) (Van Orstrand, 1930, p. 15). The API researchers recognized the 
problem of drilling disturbances, and they carefully noted the am ount of time 
wells had been idle before temperature logging. They also m ade checks to 
ensure th a t recorded tem peratures, extrapolated to  m ean aim ual ground 
surface tem peratures, did not exceed observed m ean annual air tem peratures 
by more than 2 or 3°F (1.1 - 1.7°C). A stem  correction for thermometers was 
applied, w hich removed the errors introduced by reading the position of the 
constriction in  the capillary in  two different envirorunents (the warm er 
borehole and the cooler ground surface).
Guffanti and Nathenson (1981, p. 2) noted that "the API data have had 
lim ited utility  in heat flow studies because core samples were not available". 
However, they also noted that Birch (1954), Benfield (1947), Jojmer (1960), and 
Blackwell (1967) had used these temperature data for heat flow estim ates by 
estimating therm al conductivities hrom core sample or outcrop samples.
In conclusion, I believe that the temperature data set I am using for my 
heat flow study in Oklahoma can be regarded in general as providing high 
quality, accurate estimates of rock temperatures.
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5.2. Thermal gradients
Error in  estim ating therm al gradients depends upon errors in 
m easuring subsurface tem perature and depths. The accuracy of individual 
temperature determination was estimated by Van Orstrand (1930, p. 10) to be 
±0.17 °C  and the probable depth error as 0.3 m  per 305 m (1 foot/1,000 ft). To 
estimate the error in  determining the average therm al gradients I used the 
propagation of error techniques for uncorrelated random variables (Barry, 
1978, p. 75) as shown in equation (6):
Eproduct = ±ABC-NV(Ea /A)2 + (Eb/B)2 + (Ec/C)2 + -{En / I ^  (6)
where Eproduct is the total error of a product; A, B, C, ...,N - individual values 
of the product; Ea , Eg, Ec, —, En - individual error of values A, B, C, ...,N. 
Using equation (6), I estimated the error in determ ining average therm al 
gradients to be ±2%.
5.3. Thermal conductivity
Estimating in situ  thermal conductivity involves several possible types 
of errors: (1) sam pling errors; (2) systematic errors in measuring devices, and 
(3) errors introduced by the corrections applied to measured data (anisotropy, 
temperature, and porosity corrections).
5.3.1. Sam pling error. This error is due to the bias inherently present in 
any sam pling strategy (inadequate lateral or vertical sampling). Devising a 
sampling strategy is not an easy task because every strategy is likely to be 
unique. The basic procedure followed during sampling was to sample every 
20 - 30 ft thickness of sediments. When one well was not enough (because of
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I  gaps in lithologie column or depths not covered), an additional well was used
(sites # 3, 6, 9 ,12,15,16, and 18) to cover the entire depth of the tem perature 
m easurem ents.
In order to constrain sam pling errors due to lateral variation in 
lithology and to vertical offsets between temperature and conductivity wells, I 
constructed stratigraphie maps for each site (Figures A2, A4, A6, A8, AlO, A12, 
A14, A16, A18, A20, A22, A24, A26, A28, A30, A32, A34, A36, A38, and A40, 
Appendix A) based on stratigraphie data provided by scout cards on file a t the 
University of Oklahoma Geology Library and Core Library in Norman, as well 
as by other sources (e. g., Weinzierl, 1922; Johnson et al., 1988; Arbenz, 1989; 
Johnson and Cardott, 1992).
For each temperature well I tried to find the closest well(s) w ith drilling 
cuttings to reduce at maximum the errors due to lateral lithologie variability.
An analysis of error introduced by lateral variability of lithology was 
carried ou t for two clusters of sites: (1) site #3 and site #4, separated by a 
distance of 5.5 km showed a difference between in situ therm al conductivity 
m easured at the same stratigraphie level of 15%; (2) site #13 and site #14, 
separated by a distance of ~8 km, showed difference between in situ therm al 
conductivity measured at the same stratigraphie level of 2.5%. An average 
value of ±10% was estim ated for error introduced by lateral variability of 
lithology. Having sufficient measurements for each site would greatly reduce 
such errors.
5.3.2 M easurem ent error. The apparatus I used to make therm al 
conductivity measurements was a divided bar device. The calibration of this 
apparatus was made with disks of fused silica. The values used for calibration 
were those provided by Ratcliffe (1959). Every day, before measurements, the
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calibration values were checked using three out of six available calibration 
disks of different thickness, selected random ly. Individual sample holders 
(cells) were calibrated using the know n thermal conductivity of w ater as a 
function of tem perature. The probable inaccuracy produced by systematic 
errors in the divided bar and cell technique is around ±5% or less (Borel, 1995; 
Lee et al., 1996). In addition to systematic errors inherent in the measurement 
apparatus itself (divided bar), some other errors m ay arise from the cell 
technique that is based upon a mixing model (Sass e t al., 1971). However, 
using the same apparatus, Lee et al. (1996) have found that the conductivity of 
an isotropic crushed aggregate of fused silica estimated w ith the cell technique 
was w ithin ±1 - 2% of the value used to calibrate the divided bar. Therefore, I 
consider th a t using a geom etric m ean mixing m odel (Equation 3) may 
introduce negligible errors, a t least w hen working w ith isotropic materials.
5.3.3. C orrection errors. The error introduced by the anisotropy 
correction is difficult to estimate because the correction formula I used here 
(Deming and Borel, 1995) was derived from measurements made on samples 
of Pennsylvanian age from  north central Oklahoma. I estim ate tha t the 
overall error introduced by this correction is ±10%, bu t I do not have a 
definitive basis for quantifying the uncertainties introduced in  therm al 
conductivity measurements by anisotropic effects.
It is also difficult to precisely estim ate the errors introduced by using 
the tem perature correction. The literatu re dedicated to this subject is 
extensive (e. g., Birch and Clark, 1940; Sugawara and Yoshizawa, 1961; 
Kawada, 1964, 1966; Anand et al., 1973; Kappelmayer and Haenel, 1974; Sibbit 
e t al., 1979; Roy et al., 1981; Cermâk and Rybach, 1982; Mongelli e t al., 1982; 
Robertson, 1988; Seipold, 1990; Funnell e t al., 1996). However, because the
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tem perature interval used in this study is relatively small (16.6°C - 56.8°C) the 
average error introduced by Sekiguchi's form ula (2) is estim ated to be ±2%.
There is an  error due to uncertainty in the determ ination of porosity 
using geophysical logs. For example, for an  estimated average porosity of 0.12 
(see Table 3), an  estimation error in porosity of ± 20% will lead to an error in 
situ  conductivity estimation of ± 5%.
An average of standard errors of the mean, associated with therm al 
conductivity m easurem ents (Table 1) w as estim ated to be ±7%. Using 
standard  techniques (Barry, 1978; see eq. 6) for propagating the above 
uncorrelated error sources, I estim ate a total error in determ ining therm al 
conductivity of ± 17%.
5.4. Heat production error
Basement heat production errors can be caused by the procedure of heat 
production estimates from gamma ray logs and by uncertainty introduced by 
shale heat generation. The validity of equation (5) relies on "standard" T h/U  
and K /U  ratios and, even though it was calibrated for a variety of rock types 
in  num erous research w ells, it is possible that it may not be valid for 
basem ent rocks hrom Oklahoma. Bücker and Rybach (1996) estim ated the 
accuracy of equation (5) to be ±10%. One additional possible source of error is 
represented by an unknown am ount of alteration due to paleoweathering to 
which basement rocks used in  m y determ inations may have been subjected. 
How ever, since no other sources for determ ining heat production of the 
basem ent rocks were available, the relation (5) provided the only possibility 
for this type of determination.
Among other sedim entary rocks found in Oklahoma (sandstones, 
carbonates), shales are by far the most im portant heat generator due to their
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high 40K content Using formula (5), I estim ated the heat production of shale 
sections in  the 27 wells used in  this study to be in  the range 1.6 - 1.8 p.W/m^. 
Rybach (1986, p. 314, ; 1988, p. 136) indicated an average value of 1.8 pW /m ^ 
for shales. Calculating the average thickness of shale deposits in Oklahoma, 
based on published data (e.g., Johnson e t al., 1988), I found that the Viola 
shale, W oodford Shale, M ississipian shales, and Pennsylvanian shales sum 
up to 1,450 - 2,000 m in the aulacogen, and 50 - 1,400 m  in the shelf area. 
M ultiplying the average. thicknesses of shale by the their average heat 
production (1.7 pW /m ^), I obtained a heat flow contribution from shales of 
2.3 - 3.6 mW/mZ in  aulacogen, and 0.08 - 2.52 mW /m^ in the shelf area. 
Com pared to the average heat flow in Oklahoma (50 mW/m^), the influence 
of shale heat production on the total heat flow in  Oklahoma represents 4 -7%  
in  the aulacogen, and 0.2 - 5% in  the shelf areas. In other words, the 
uncertainty of heat production of shales that m ight affect heat flow values in 
Oklahom a is estimated to be ±5%. The overall error of heat production 
estim ation is considered to be ±11%.
5.5. Heat flow error
Using eq. (6), when therm al gradient error is ±2% and therm al 
conductivity error is ±17%, I found an  estim ated error in heat flow 
determ inations of ±17%. Taking into consideration the various uncertainties 
involved in estimating the m agnitude of errors, I considered it useful to 
round the estimated error level of heat flow determinations off to a uniform 
±20%.
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6. INTERPRETATION OF RESULTS AND DISCUSSION
6.1. Introduction
The geotherm al regim e of any area is governed by the following 
general equation which relates tem perature and the processes that generate, 
transport, and store heat in the crust:
dX- V '4 = “ A + p'c'p.*VT + p c ^  (7)
where q is the conductive flux vector and T is the temperature. A denotes the 
rate of heat generation per un it volume; it could represent the effects of 
radioactive decay, frictional heating phase changes, or chemical reactions, p 
and c are the density and heat capacity of material at any point, and p' and c' 
are the corresponding properties for m aterial (usually w ater or magma) 
moving w ith velocity p.. In general, all the parameters in (7), including p., are 
functions of spatial coordinates x, y, and z, and some can significantly depend 
upon temperature and pressure.
Equation (7) describes a 3-D variation of the geotherm al regim e; 
however, in  many situations it is m ore useful to ad o p t a sim pler 
interpretation that requires a one-dim ensional model. In  this case, all 
parameters in (7) vary only w ith depth (z) beneath the Earth surface. We can 
also adopt a customary definition of "heat flow" q as the upw ard component 
of conductive flux w ith the reversed sign and thus we obtain the well-known 
Fourier's law:
3T
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Now, equation (7) can be reduced, for the 1-D case, to (Cranganu and Deming, 
1996):
(?)
where q  is the upw ard conductive heat flow, n is the upw ard volume flux of 
m aterial w ith  volum etric heat capacity p'c', and pc is the corresponding 
quantity in  any stationary element.
Interpretations of the crustal therm al regim e generally represent 
attempts to integrate (9) w ith simplifications believed to be appropriate for a 
specific province. The first term on the right side of eq. (9) describes effects of 
relative vertical movement of crustal (and upper mantle) masses; these may 
be solid blocks moving along faults (as during an earthquake, generating heat 
by friction) or magmatic and aqueous fluids moving through fractures created 
by faulting or through pore spaces (Lachenbruch and Sass, 1977). Since these 
m ovem ents are generally interm ittent or, som etim es, short-lived, they 
represent, along w ith depositional/erosional processes and climatic changes, 
the transient therm al disturbances denoted by the second term on the right 
side of eq. (9).
Terrestrial heat flow, normally estimated in the upper 1% of the crust, 
provides only a boundary condition for eq. (9). We can use this to estimate the 
variation of heat flow through the entire crust, i.e., to characterize the 
thermal regime of the crust in a specific area. In order to do this, it is necessary 
to appropriately characterize the processes described by the right side terms of 
eq. (9). These processes may have both shallow causes (geometric effects of 
topographic relief, transient efiects of sedimentary processes, climatic changes) 
and deep causes (effects of distribution of sources associated with the decay of
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f radioactive elem ents, therm al refraction, phase changes, convective heat
transfer, and recent tectonic/volcanic activity).
6.2. T ra n s ie n t e ffe c ts  o f se d im e n ta ry  p ro cesses  and  
m etam orphic/igneous activity
Two sedim entary processes, deposition and erosion of sedim ents, have 
opposite effects. W hen sedim ents are deposited in  a basin the therm al 
gradient and heat flow are reduced. D uring erosion, warmer underlying 
m aterial is exposed, increasing the thermal gradient. Thus, there is a tendency 
for rapid sedim entary processes to cause heat flow to become anom alously 
high in  eroded areas and low in  accumulation areas (Langseth et al., 1965; De 
Bremaecker, 1983; Hutchison, 1985; Cranganu and Deming, 1996). However, 
erosion also leads to a loss of radioactive heat-generating elements hrom the 
upper crust w ith a concomitant decrease of the surface heat flow (Vitorello 
and Pollack, 1980).
During Late Paleozoic tim e (333 - 245 m.y. ago), Oklahoma experienced 
intense sedim entation and subsidence in the existing Proterozoic depositional 
provinces. At the same tim e, tectonic movements produced folding and 
thrusting of the Ouachita Foldbelt as well as the rising of the Wichita, Criner, 
Arbuckle, Nemaha, and Ozark uplifts (Ham and Wilson, 1967; Johnson et al., 
1988). Since deposition of Perm ian strata (-245 m.y. ago), erosion has been the 
prim ary sedim entary activity throughout alm ost all o f Oklahoma (Johnson 
and Cardott, 1992). In the eastern part of Oklahoma, Permian beds are not 
found, suggesting that erosion started even earlier (-310 m.y. ago), during 
Atokan time (Houseknecht, 1986). The total sedim ent thickness is as high as 
12,000 - 13,000 m in  the A nadarko basin, but the rate of sedim entation was 
very low (-29 m /m .y.) during Precambrian - M ississippian time (523 - 333
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m.y. ago), and increased to ~107 m /m .y. during Pennsylvanian - Permian 
time (333 - 245 m.y. ago. Erosion occurred for the last -245 m.y. a t an average 
rate of -8m /m .y. (Gilbert, 1992). The present surface heat flow in Oklahoma is 
likely not depressed by sedimentation because the therm al time constant of 
the continental lithosphere (-50 m.y.. Pollack and Chapman, 1977) is less than 
time elapsed since erosion and any transient depression of heat flow should 
have long since dissipated. Although erosion has been the predom inant 
process for the last -250 m .y., erosion rates tend to decrease exponentially 
w ith increasing time (Vitorello and Pollack, 1980). Therefore, it is unlikely 
that present-day heat flow has been significantly elevated by erosion. In fact, 
the loss of radioactive heat-generating elements by erosion, coupled w ith the 
decay of transient therm al perturbations of poorly understood origin may 
produce a heat flow decrease of about 30 mW /m^ over 300 m.y. (Vitorello and 
Pollack, 1980). In conclusion, the thermal state of Oklahoma has changed over 
time due to transient effects of sedimentary processes, bu t these efiects do not 
significantly influence the present-day heat flow regime of Oklahoma because 
there has been no significant tectonic activity in Oklahoma for a t least 250 
m.y. Johnson et al., 1988).
Oklahoma has not experienced recent metamorphic or igneous activity 
for the last -  500 m.y. (Johnson et al., 1988). This is suggested by the absence of 
earthquakes w ith m agnitudes greater than 2.5 - 2.7 (Luza and Lawson, Jr., 
1983), absence of ash in sediments (Johnson et al., 1988) and absence of high 
am plitude short w avelength magnetic anomalies (Jones and Lyons, 1964; 
Committee, 1987). Thus, it seems unlikely that the observed variation of the 
surface heat flow values in  Oklahoma can be associated w ith a variable 
d istribu tion  of volcanic sources or firictional heating  due to  tectonic 
m ovem ents.
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6 3 , Q im atic effects
Calculating the effects of climatic changes in  the past 120,000 years. Beck 
(1977) found that, for latitudes between 20°N - 40*’M (Oklahoma's latitude 
range) and for therm al conductivities ranging hrom 1.26 W /m -K to 6.28 
W/m-K, required corrections needed are less than 0.2 - 0.3 mW /m^ for depths 
between 150 m - 2,000 m. In  conclusion, the present day therm al regime of 
Oklahoma is not significantly influenced by past climatic changes.
6.4. Effects of variable distribution of heat generation sources
If we integrate eq. (9) over an interval Az = z% - z \ ,  and assume that A 
does not vary with depth, we get
22
Aq= J  ^  Az (10a)
21
dTAq = p’c'fiAT + pc gpAz + AAz (10b)
where the parameters in (10b) are taken as appropriate average values and AT 
is the temperature difference across the layer of thickness Az.
If we consider only the contribution of heat generation sources from 
the crust w ith thickness h  and constant heat production A, then that 
contribution can be expressed as:
Aq (mW /m^) = h (km) A (pW /m^) (11)
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Taking an average crustal thickness in  Oklahoma h  = 46 km (Mitchell 
and Landisman, 1970) and an average value A = 2.51 jiW /m ^ (Table 4), crustal 
heat generation alone would account for all surface heat flow in Oklahoma. 
However, heat generation estimated close to the top o f basement (Table 5) is 
no t constant throughout the crust. Therefore, the d istribution  A(z) is 
im portant to an understanding of the crustal thermal regime, and has been 
the subject of considerable study (Lachenbruch, 1970; Lachenbruch and Sass, 
1977). The vertical variation of A is not known in Oklahoma, due to the lack 
of m easurem ents. Data presented in  Table 5 represent heat production 
estim ated very close to the basement surface (the sam pling interval was, in 
m ost cases, less than 100 m below the top of the basement). However, the 
lateral variation of heat generation sources at the upper basement surface can 
be estim ated and is shown in Figures 3 and 12. As can be seen from Figure 3, 
the basement rocks of Oklahoma have variable composition (granites, basalts, 
rhyolites, gabbros, m etasedim entary rocks) w ith variable heat production 
(ranging firom 1.1 pW /m3 to 3.5 pW /m3).
A comparison between the heat flow map of Oklahoma (Fig. 13) and 
the heat generation map of Oklahoma (Fig. 12), as w ell as the two cross- 
sections A - A and B - B’ (Figures 14 and 15), shows the following: (1) the 
relatively lowest heat flow area (< 30 m W /m ^), covering the southw estern 
p art of the state (Fig. 13), corresponds to a relatively interm ediate heat 
production (2.0 - 2.5 pW /m ^) area in  Figure 12; (2) a large area with relatively 
low  heat flow (30 - 50 m W /m ^), covering the cen tral w estern and 
southeastern parts of Oklahoma (Fig. 13), corresponds to areas w ith relatively 
interm ediate to high heat production rates ( 2 - 3  pW /m 3) in  Figure 12; (3) an 
area w ith relatively interm ediate heat flow (50 -70 m W /m 2), covering the 
Oklahoma Panhandle, the northeastern part, and the southeastern com er of
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the state (Fig. 13), corresponds to areas with relatively interm ediate to high 
heat generation rates ( 2 - 3  p.W /m 3) in  Figure 12; (4) an  area w ith the 
relatively highest heat flow values (> 70 mW /m^), covering the southwestern 
part of the Cherokee Platform  (Fig. 13), corresponds to an  area w ith  
intermediate heat generation rates (2.5 nW /m3).
A large area, such as the northern half of the Anadarko Basin, is shown 
on Figure 12 as being underlain by a high heat-production crust, while the 
same area displays in  Figure 13 only low-to-intermediate surface heat flow. 
Similarly, the far northeastern com er of the state d isplays a high-heat 
production area (Fig. 12), while the heat flow map (Fig. 13) shows values 
between 50 and 60 mW /m ^. One possible interpretation th a t m ight explain 
these discrepancies is the inherent uncertainties in troduced in  the heat 
production map (Fig. 12) and heat flow map (Fig. 13) by the lack of enough 
data. Variations in  the background heat flow (the heat flow produced by 
subcrustal sources) m ight be another possibility.
As a conclusion, the relatively lowest and highest heat flow areas do 
not correspond to the relatively low est and highest heat production areas, 
respectively, suggesting that other causes (e.g., groundw ater movement) are 
probably involved. However, as can be seen from the two cross-sections, A-A' 
(Fig. 14) and B-B' (Fig. 15), there is some correlation between the variation of 
surface heat flow and the distribution of heat production values, suggesting 
that heat generated in  the basement may make a significant contribution to 
the thermal regime of Oklahoma.
The relationship between the surface heat flow and heat generated by 
radioactive decay of U, Th, and K was found to be of the form
q = q* + b Ao (12)
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for many localities in the U nited States (Birch et al., 1968; Roy et al., 1968; 
Lachenbruch, 1970). Here, q  and Aq are heat flow and heat generation near the 
surface (z = 0) and q* and b are intercept and slope param eters that define a 
heat flow province (Roy e t aL, 1968).
A pplying eq. (12) to  the heat flow and heat generation data  from 
Oklahom a, I obtained the results shown in  Figure 16. The in tercep t is 
negative (- 30.4 m W /m ^)and  the slope (30.8 km) represents a value 
comparable to the average crustal thickness. The coefficient of correlation is 
0.51. Both param eters are in  contradiction w ith usual values (7 - 10 km for 
slope and 16 - 58 mW /m^ for intercept: Vitorello and  Pollack, 1980). The 
explanation for this situation may be related to the errors due to different data 
distributions and methods used in estim ating the tw o input param eters, 
surface heat flow and heat productioiu It should be emphasized that locations 
of heat flow and heat production estimates do not coincide: for each heat 
production site, I interpolated a heat flow value using the map from Figure 
13. Therefore, it is possible that errors due to estimating heat flow through a 
map interpolation procedure along with errors in heat production estim ates, 
may have led to unrealistic estimates of the slope and intercept on the heat 
flow - heat production plot (Fig. 16).
Another possible explanation is that a linear relationship between heat 
flow and heat generation data has no significance for Oklahom a, i.e., 
Oklahoma is not a heat flow province as defined by Roy e t al. (1968). Also, it is 
possible that the linear relationship (13) is an artifact or pseudo-linear 
(Furlong and Chapman, 1987; Bachu, 1993) because it  is related no t to a 
vertical distribution of heat sources in a one-dimensional model, b u t rather 
to effects of m ulti-dim ensional heat transfer in a heterogeneous crust. In
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Fig. 16. Heat generation (A) - heat flow (q) relationship for Oklahoma. 
The intercept is - 30.4 mW/m^ and the slope is 30.8 km. The coefficient 
of correlation is 0.51.
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other words, the coupling of effects produced by variability in distribution of 
heat sources and by heterogeneities in  crustal thermal conductivity may lead 
to a non-linear relationship between surface heat flow and heat generation.
The heat flow values estim ated on the m argins of the Anadarko and 
Arkoma Basins may be influenced by the thermal refraction (see next section). 
Finally, it is possible that the heat flow is disturbed by 3-dimensional effects of 
groundwater movement, such as low heat flow values belong to a recharge 
area, while high heat flow values occur in a discharge area.
In conclusion, I have found that the linear relationship between 
surface heat flow and surface radioactivity does not apply in Oklahoma. For 
the linear relation to hold, crustal contributions to surface heat flow should 
be exclusively from radioactivity, and the mantle flux should be uniform. 
These two conditions are probably violated in Oklahoma by one or more of 
the causes previously discussed. O n the other hand, even though the heat 
flow - heat generation relationship fails to define a heat flow province in 
Oklahoma as defined by Roy et al. (1968), it must be said that radioactive heat 
generated in the basement rocks of Oklahoma is an im portant contributor to 
the thermal regime of the state and probably controls, to a large extent, this 
regime.
6.5. E jec ts due to contrasts in thermal conductivity^
W hen rocks w ith different therm al conductivities meet along steeply 
dipping contacts, heat flows preferentially along the least resistant path, i.e., 
from less conductive rocks into more conductive rocks. This phenomenon, 
called therm al redaction, produces heat-flow contrasts because temperature is 
continuous across the contact, bu t therm al conductivity is not. The 
m agnitude of the perturbation from the regional value is a function of
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position, conductivity ratio, and the geometrical configuration of the two 
media. This perturbation cannot exceed the ratio of conductivities of the two 
roclt ^rpes (Lachenbruch and Marshall, 1966).
Due to the contrast between low thermal conductivity of sedim entary 
rocks of the Arkoma Basin ("1.6 W/m-K) and the higher conductivity of the 
basem ent in  the same basin (-3  W/m-K), the heat flow varies about 5 - 1 0  
m W / m Z ,  from  higher values in  the northern part to lower values in  the 
southern part of the Arkoma Basin (Lee e t al., 1996). Carter e t al. (1996) 
considered two situations for estimating therm al refraction in the Anadarko 
Basin: (1) the contrast between low thermal conductivity gabbros w ith low 
heat generation and high therm al-conductivity carbonates w ith  low heat 
generation a t the southern edge of the basin, and (2) the contrast between the 
high conductivity Pennsylvanian "granite wash" section in the south and the 
low conductivity Pennsylvanian shale section to the north. The modeled heat 
flow for the southern part of the Anadarko Basin is slightly perturbed (38 
m W /m 2  calculated, 39 m W / m 2  measured); for the northern part of the 
Anadarko Basin the calculated heat flow is 48 to 51 m W / m 2 ,  slightly lower 
than the observed heat flow data (55 - 64 m W / m 2 )  for this area. The 
m agnitude of refraction for the Anadarko Basin, according to Carter e t al.,
(1996), varies between 2 and 3 m W / m 2 .
In  conclusion, the contrast between higher conductive basement rocks 
and lower conductive sedimentary rocks controls to a moderate to low extent 
the distribution of heat flow values in the Arkoma and Anadarko Basins, 
respectively.
6.6. Effects due to groundwater movement
The first right-side term  of eq. (9) represents the upw ard convective
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com ponent of the surface heat flow. The m ost frequently encountered 
upw ard m ass movements are magma rising and  groundw ater circulation. 
Since Oklahoma has not experienced volcanic activity for the last -500 m.y. 
(Johnson e t al., 1988), rising magma can be ruled o u t
G roundwater circulation has been considered an im portant contributor 
to the heat flow regime in  many areas, such as the W estern Canadian 
Sedimentary Basin (Majorowicz and Jessop, 1981); the Uinta Basin in Utah 
(Chapman et ai., 1984); the North Slope Basin in  Alaska (Deming e t al., 1992, 
1996); the W illiston Basin (Bachu and Hitchon, 1996) and the Northern 
Alberta Basin in  Canada (Bachu, 1997). Heat flow is elevated in  discharge 
areas and depressed in recharge areas. M oreover, regional fluid flow is a 
geologic process that has implications for various phenom ena, including 
hydrocarbon m aturation and migration, ore formation, and diagenesis.
Tem perature distribution in a given basinal area is affected by the 
intrinsic properties of the medium and contained fluid: thermal d i^ s iv ity  of 
the solid-fluid complex and the hydraulic conductivity, the water-table 
configuration and the ratio of basin depth to basin length (Domenico and 
Palciauskas, 1973). The extent to which basin hydrodynam ics affect the 
therm al h istory  of sedim ents and petroleum  generation in a basin is 
prim arily  dependent on  the m agnitude of convective heat transfer. 
Convective heat transfer can vary considerably in sedim entary basins due to 
the differences in  groundwater flow rates, the thickness of the sedimentary 
column, and the thermal conductivity of porous m edium  (Bredehoeft and 
Papadopulos, 1965).
Jorgensen (1989, 1993) defined two regional aquifer systems and three 
regional groundw ater flow systems in the south-central U. S. (Fig. 17). The 
W estern Interior Plains aquifer extends from N ebraska in the north and
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Fig. 17. Equivalent freshwater head, in ft (1 ft = 0.30 m), in  Cambrian and 
Ordovician rocks of the Central United States (modified from Jorgensen, 
1989). Hatchured lines represent western limit of Cambrian and Ordovician 
rocks.
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Fig. 18. Concentration of total dissolved solids (m g/liter) in groundwater 
from Cambrian and Ordovician rocks of the Central United States (modified 
from Jorgensen, 1989). Hatchured lines represent western limit of Cambrian 
and Ordovician rocks.
76
Colorado in the west, to Oklahoma in the south and westernmost Missouri 
and Arkansas in  the east (Fig. 17). The Ozark Dome aquifer system extends 
through most of the southern half of Missouri and part of northern Arkansas 
(Fig. 17). The rocks composing the Western interior Plains system area mainly 
represented by  Cambrian - M ississippian dolostones, limestones, and 
sandstones. The Ozark Dome system is composed mainly of Cambrian - 
Ordovician dolostones, limestones, and sandstones.
The three regional flow paths in the Western Interior Plains and Ozark 
Dome aquifer systems can be traced firom measurements of hydraulic heads 
(Fig. 17), formation water salinities (Fig. 18), and geochemical analyses (e.g.. 
Banner et al., 1989). An eastward, topographically-driven flow path is defined 
by head decreases flom 3000 feet (914 m) in Colorado to 800 feet (244 m) in 
northeastern Oklahoma and southeastern Kansas (Fig. 17). A westward flow 
path of f  the Ozark Dome is outlined by head decreasing from 1200 feet (366 m) 
in the center of the Ozark Dome in the south-central Missouri, to 800 feet (244 
m) in  northeastern Oklahoma and southeastern Kansas (Fig. 17). The third 
flow path originates from the overpressure zone of the Anadarko Basin 
(southwestern Oklahoma), where the head reaches a value of 4000 feet (1219 
m) and spreads radially outward from the center of the Anadarko Basin (Fig. 
17).
Geochemical analysis is another way of defining groundwater flow 
paths. For example, using isotopic and trace element analyses. Banner et al. 
(1989) concluded that saline groundwaters discharging flrom springs and 
artesian wells in central Missouri, north of the Ozark Dome, could have 
originated as meteoric recharge in  the Front Range of Colorado. Another 
indication of groundwater circulation is related to total dissolved solutes 
(TDS) or solute content in groundwater. In general, TDS is relatively low in
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active topographically-driven flow and is relatively high in areas with 
stagnant conditions. Jorgensen (1989,1993) reported very low TDS levels (< 1 
m g/liter) throughout most of the Ozark Dome that increase radially outward 
(Fig. 18), suggesting that there exists an active flow outward from the high 
elevations of the Ozark Dome into  surrounding areas. The eastward 
groundwater flow path from Colorado is not clearly underlined by TDS 
decreasing. This might be explained by a slower topographically-driven flow 
through the West Interior Plains system than through the Ozark Dome 
system or perhaps a greater addition of solute from fluid-rock interactions 
caused by longer flow path. TDS increases from values of 20 - 50 m g/liter in 
central and northern Kansas, to values generally in  the range of 100 - 200 
m g/liter in south Kansas and most of Oklahoma.
An im portant param eter controlling groundw ater circulation is 
perm eability. Unfortunately, published permeability data of rocks in 
Oklahoma are rare. However, based on consideration of burial diagenesis, 
Jorgensen et al. (1993) estimated indirectly a range of permeability of lower 
units of the Western Interior Plains aquifer system (sandstones, dolostones, 
limestones) in Oklahoma from lO'l^ m^ in  SW to 10"12 m^ in ME. They also 
estimated the aquifers in the Ozark region to be most permeable, those in 
Kansas, Nebraska, and Colorado to be of intermediate permeability, and those 
in Oklahoma to be least permeable. These interpretations, together with the 
relatively high concentration of TDS in  most Oklahoma rocks, suggest that 
most eastward flow through the Western Interior Plains system preferentially 
follows higher permeability pathways through Kansas rocks, bypassing 
Oklahoma. Although hydraulic head in  the Anadarko Basin is as high as 
4,000 feet (1,219 m. Fig. 17), the total amount of leakage from  this 
overpressured basin is likely to be very small, or overpressure would not be
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preserved (Deming, 1994c; Bredehoeft e t al., 1994). Jorgensen (1989) described 
the am ount of fluid escaping from the Anadarko Basin as "trivial". It is 
therefore unlikely that regional flow velocities from the Anadarko Basin are 
high enough to be an efficient heat transport mechanism and significantly 
influence the thermal regime of Oklahoma.
On the Anadarko shelf, permeability increases toward north and east, 
primarily due to weathering during Early Paleozoic erosion (Jorgensen, 1989). 
A slow rate of groundwater flow has been observed, generally from west to 
east, through the Arbuckle Group in Kansas (Carr et al., 1986) and northern 
Oklahoma (Jorgensen, 1989; Musgrove and Banner, 1993). Fairchild et al. 
(1982, 1990) and Fairchild and Davis (1983), studying groundwater movement 
in the Arbuckle Mountains in south-central Oklahoma, reported that in  the 
eastern part of the area, the groundwater gradient is generally eastward and 
ranges 20 - 60 feet/mile (3.81 - 11.43 m /km ). The flow direction indicated 
above is opposite to the flow direction coming off of the Ozark Dome in the 
northeastern  corner of Oklahoma. The tw o flow systems m eet in 
northeastern Oklahoma and their intersection m ust be marked by upwelling 
groundwater and elevated thermal gradients. Relatively high heat flow (70 - 
80 mW /m2) in the northeastern part of the state (Fig. 13) may be related to 
upwelling groundwater where these two flow systems meet.
Conservation of energy requires that convective heat losses in 
groundwater recharge areas are balanced by convective heat gains in discharge 
areas. The geothermal gradient increases with increasing depth in recharge 
areas, decreases with increasing depth in discharge areas, and is unperturbed ' 
at the hinge line separating areas of recharge and discharge. If pure 
conduction is the dominating heat transfer mechanism in  Oklahoma, then 
the vertical variations of q are relatively small and entirely due to heat
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production. A convective component may be present if q varies significantly 
with depth. An upw ard convective component, suggesting a possible 
discharge area, means that heat flow near the top of the borehole is higher 
than the heat flow near the bottom of the well; conversely, a downward 
convective component yields the opposite.
An area of interest for studying the possible influence of groundwater 
movement on surface heat flow is the northeastern part of Oklahoma (Fig. 
13), where heat flow estimates are higher than 70 mW/m^. These relatively 
high heat flow values are not fully explained by heat generation hrom the 
crust because, according to Figure 12, the area is not underlined by a high heat 
production crust. Moreover, two sites situated in  this area (site #8, Fig. A15 
and site #10, Fig. A19) show an apparent decrease of heat flow with depth, 
suggesting the presence of a discharge area. As said earlier, this area might 
represent the meeting place of upward movement of groundwater flowing off 
of the Ozark Dome and the groundwater flowing toward northeast from the 
Arbuckle Mountains.
According to Darcy's law, fluid flow is expected between any two points 
with a finite permeability and non-zero potential energy gradient. The 
topographic gradient (-0.001) firom the Arbuckle Mountains toward northeast 
is non-zero, perm eability is finite, and thus there m ust exist some 
topographically driven fluid flow from southw est to northeast with 
concomitant heat transport.
Intense experimental and research work has been done on the 
Arbuckle-Simpson aquifer in the Arbuckle Mountains (Fairchild et al., 1982, 
1990; Fairchild and Davis, 1983; Barthel, 1985; Hanson and Cates, 1994). These 
rocks are of Late Cambrian to Middle Ordovician age and are composed of 
dolomites, limestones and sandstones with thickness ranging from 1,500 m to
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2,700 m. These rocks were subjected to intensive folding and faulting related 
to major uplift of the area during  Early to Late Permsylvanian time. 
Associated with the major fault zones are numerous faults and joints that 
occur in the more dense beds, such as the Arbuckle carbonate rocks. Geologic 
structure is of significance because fractures caused by folding and faulting 
provide charmels for groundw ater movement. Acid water enters the 
fiactures, joints and bedding planes and enlarges them by solution. The result 
is an irregular network of openings of all sizes and shapes, extending both 
vertically and horizontally, and thus favoring groundwater circulation. 
Recharge to/discharge from the aquifer is estimated at about 4.7 inches/year 
(3.78x10-9 m /s). Almost 100 springs discharge water fiom the Arbuckle- 
Simpson aquifer to streams that d rain  the Arbuckle M ountains area 
(Fairchild et al., 1982,1990).
The relatively high  heat flow area from the northeastern part of 
Oklahoma (Fig. 13), not fully explained by radiogenic heat produced in the 
crust, may be caused partly by upw ard groundwater movement, traveling 
about 125 km from the Arbuckle Mountains area under a head drop Ah = 139 
m, similar to the elevation drop across that distance.
The ratio between convective and conductive heat flow in an  area 
(Peclet number, Pe) can be used to estimate the influence of groundwater 
movement on the surface heat flow distribution. Considering the Arbuckle 
Mountains area (#8 on Fig. 13) as a recharge area (Johnson, 1991), where 
surface heat flow varies between 30 and 40 mW/ m^, and the area situated at 
northeast from the Arbuckle Mountains, where surface heat flow ranges 70 - 
80 mW /m^, as a discharge area, along with the average surface heat flow in 
Oklahoma (50 mW/m^), it appears that the ratio of convective to conductive 
heat flow (Peclet number) is about 1. W hen groundwater flow is in a steady-
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State regime, in a idealized, two-dimensional basin, with homogeneous and 
isotropic properties, Peclet number (Pe) can also be defined as (Domenico and 
Palciuskas, 1973):
<“ >
where Ah is the total head drop across a basin of length L and depth Az, k is 
permeability, p is fluid density, C is fluid specific heat, g  is the acceleration due 
to gravity, p is fluid dynamic viscosity, and Xpr is the thermal conductivity of 
a porous rock (matrix and fluid). If we consider the head drop to be equal to 
the elevation drop across a distance L firom the Arbuckle Mountains to the 
northeast site with highest surface heat flow, Ah/L = 139 m/125,000 m. Taking 
Az = 2,000 m, p = 1,000 kg/m3, g = 9.8 m/s2, C = 4,200 J/kg-K, Xpr = 1.68 W /m - 
K, p = 6x10“* kg/m.s (pure water at 40®C), a Peclet number Pe = 1 will yield an 
average permeability k of 2.2x10“** m2.
The permeability k can be estimated independently using hydraulic 
conductivity K, fluid dynamic viscosity p, acceleration due to gravity g, and 
fluid density p, according to relation:
With K = 5x10"^ m /s  ("the highest hydraulic conductivity", as indicated by 
Hanson and Cates, 1994, p. 52), the highest permeability in the Arbuckle - 
Simpson aquifer is 3xl0**3 m2, which is one order of magnitude greater than 
permeability constrained by heat flow distribution. This difference comes 
firom the fact that measurements made to estimate the highest hydraulic
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conductivity were performed on superficial rocks (the average depth of wells 
used in pumping experiments was less than 100 m), where intensive folding 
and fracturing associated with major uplift of the area during Early to Late 
Pennsylvanian time have created an  extensive network of fiactures, thus 
increasing hydraulic conductivity. In other words, the hydraulic conductivity 
of the deep Arbuckle-Simpson aquifer is likely to be one order of magnitude 
less than the highest value found using pumping tests. Jorgensen et al. (1993) 
estimated indirectly the permeability of Upper Cambrian through Upper 
Mississippian age rocks in and near the Arbuckle Mountains area to be in the 
range lO'i'* -10-^5 m2.
The groundwater is moving with a Darcy velocity v given by the 
following relation:
V = (15)
Using the previous data, the relatively high heat flow estimates in the 
northeastern Oklahoma can be explained by groundwater movement 
through the Arbuckle-Simpson aquifer with a Darcy velocity of about 
3.6xl0"lo m /s  or ~1 cm/yr.
In conclusion, effects of groundwater movement on heat flow regime 
of Oklahoma may be important, at least for the Arbuckle Mountains area. 
More data about permeability w ould provide a more complete picture of 
these effects.
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7. SUMMARY AND CONCLUSIONS
A heat flow map of Oklahoma was constructed using 40 previously 
published data-sets and 20 new heat flow data-sets, as well as other 191 
constraining values distributed within 30® - 40®N, 90® - 105®W area. The 20 
new heat flow data were estim ated by using discrete tem perature 
measurements made by American Petroleum Institute researchers hrom 1926 
through 1929 an d  1,498 thermal conductivity measurements on drilling 
cuttings using the cell technique. Every thermal conductivity value was 
corrected for anisotropy, in situ temperature, and porosity.
The mean of 20 average thermal gradients was 30.50®C/km. In general, 
thermal gradients increase from SW (14.11®C/km) to NE (42.24°C/km). The 
range of 1,498 in situ  thermal conductivity measurements was 0.9 - 6.1 W /m- 
K; the average was 1.68±0.07 W/m-K. Thermal conductivity varies slightly 
with geologic age and lithology as follows: Permian age samples have an 
average matrix conductivity of 1.63±0.04 W/m-K; Pennsylvanian age samples 
have an  average m atrix therm al conductivity of 1.84±0.02 W/m-K; 
Mississippian age samples have an average matrix thermal conductivity of 
1.78±0.08 W/m-K; the one Devonian age sample has a matrix conductivity of 
1.51 W /m-K, and Ordovician age samples have an average matrix thermal 
conductivity of 1.50 W/m-K.
The average heat flow for 20 new sites in  Oklahoma varies between 
22±4 mW /m^ (in SW) and 86±17 mW /m^ (in NE); the mean is 50 mW/m^. 
The surface heat flow distribution in Oklahoma exhibits a relatively low heat 
flow area (< 30 mW /m^) in SW (covering parts of the Marietta Basin, Hollis 
Basin, and Wichita Uplift) and a relatively high heat flow area (> 70 mW/m^) 
in the northeastern part of the Cherokee Platform. Between these two areas, 
there is an area of low-to-intermediate heat flow (30 - 50 mW /m^) with a
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large extent (it covers parts of the Hollis, Ardmore, Marietta, and Anadarko 
Basins as well as parts of the Arbuckle, Wichita, and Ouachita Uplifts) and an 
area of intermediate-to-low heat flow (50 - 70 mW/m^), covering parts of the 
Cherokee Platform, Ozark Uplift, Anadarko Shelf, and Arkoma Basin.
A heat generation m ap of Oklahoma was constructed using 22 
previously published values and 27 new data. The new heat production 
estimates of basement rocks in  Oklahoma were made using gamma-ray logs 
and a relationship between gamma-ray values and heat production rates.
The 27 new heat generation determinations range hrom 1.1 to 3.5 
|j.W /m 3,with an average of 2.51 iiW /m ^.The heat production estimations 
varies with the type of basement rocks as follows: Carlton rhyolite - 2.2±0.06 
|i.W /m3; Mesozonal granite - 2.5±0.07 p.W /m3; Wichita province - 2.2±0.2 
pW /m ^; Rhyolite - 2.5dt0.13 pW /  m3, and metamorphic rocks - 1.7 pW /m ^. 
There is a trend of increasing of heat production rates from SW (values < 2 
pW /m3) to ME (values > 3 pW /m ^). The area with the lowest heat production 
(< 1.5 pW /m 3) lies in  the southeastern parts of the Arkoma Basin and the 
Arbuckle Uplift. Areas with the highest heat production (> 3 pW /m^) occupy 
the north  central part of the Anadarko Basin, the northern part of the 
Anadarko Shelf, a small portion of the western Cherokee Platform, and 
isolated patches on the Ozark Uplift and the northeastern comer of the state. 
The heat generation map of Oklahoma contains inherent uncertainties due to 
the lack of uniformly distributed values and ambiguities inherent in the 
kriging procedure used to interpolate individual values.
A detailed error analysis was performed on temperature data, thermal 
g rad ien ts, therm al conductiv ity  m easurem ents (sam pling  e rro r, 
measurement error, correction error), heat production, and heat flow. Using 
the propagation of error technique for uncorrelated random variables, the
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final heat flow error was estimated to be ±17%. However, considering various 
uncertainties involved in estimating the magnitude of errors, a rounded heat 
flow error of ±20% was used for the final heat flow estimates.
Several causes were analyzed in relation with surface heat flow regime 
of Oklahoma. Transient effects of sedimentary processes and metamorphic 
/igneous activity do not significantly influence this regime because 
sedimentation ceased -250 m.y. ago and erosion decreased exponentially with 
increasing time. Moreover, Oklahoma has not experienced metamorphic or 
igneous activity for the last -500 m.y. Also, past climatic changes have no 
significant influence on the present day heat flow regime of Oklahoma.
Thermal refraction, due to contrasts between basement rocks, with 
higher therm al conductivity, and sedimentary rocks, w ith lower thermal 
conductivity, controls in a low-to-moderate way the distribution of surface 
heat flow values in  the Anadarko and Arkoma Basins.
Heat flow regime of Oklahoma appears to be conductive-controlled by 
the variable distribution of heat generation sources. A comparison between 
the heat flow map and the heat generation map of Oklahoma, as well as the 
two cross-sections (N-S and NE-SW), shows many concordances between heat 
flow values and heat production rates. However, heat flow - heat generation 
relationship fails to define Oklahoma as a simple heat flow province. There 
are some discrepancies revealed by this comparison (the relatively lowest and 
highest heat flow areas do not correspond to the relatively lowest and highest 
heat productions, respectively), suggesting that the conductive heat flow is 
probably perturbed by groundwater movement.
As an example, the groundwater circulation through the Arbuckle- 
Simpson aquifer from the Arbuckle M ountains to NE is analyzed. 
Constrained by the surface heat flow distribution, the ratio of convective to
8 6
conductive heat flow (Peciet number) equal to 1 yields a regional permeability 
of m^ and a Darcy velocity of groundwater movement in the Arbuckle-
Simpson aquifer of ~1 cm /yr.
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Fig. Al. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #1 (for location, see Table 1 and Fig. A2)
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Fig. A2. Stratigraphie map of Layton sand at site #1. The bold numbers in the
center of dashed squares represent section numbers of the townstUp and range
indicated on the top right side of the figure.
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Fig. A3. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #2 (for location, see Table 1 and Fig. A4)
LAYTON SAND MAP 
(Contours a is  In motors below see level)
no
18
040
1 km► 4
26N -2W /26N  -1W 
(Site #2)
•  Temperstute wett
o  Conductivity well
*  Porosity weU
+ Stratlgiapblc well
Fig. A4. Stratigraphie map of Layton sand at site #2. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A5. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #3 (for location, see Table 1 and Fig. A6)
LAYTON SAND MAP 
(Contour# are In mater# below #aa level)
e %
■ / ' I  ' —
.. 1 \  I
»- .11 1 -ii.i . A . . I I . . . I . . .
1 km
24N -1W /2SN -1W  
(Sb# #3)
Temperature well 
Conductivity wen 
Poroaltywell 
Stretlgrephlcwell
Fig. A6. Stratigraphie map of Layton sand at site #3. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A9. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #5 (for location, see Table 1 and Fig. AlO)
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Fig. AlO. Stratigraphie map of Oread limestone at site #5. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A ll. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #6 (for location, see Table 1 and Fig. A12)
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Fig. A12. Stratigraphie map of Layton sand at site H6. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A13. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #7 (for location, see Table 1 and Fig. A14)
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Fig. A14. Stratigraphie map of Layton sand at site #7. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A16. Stratigraphie map of Bartlesville sand at site #8. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A18. Stratigraphie map of Layton sand at site #9. Tlie bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig, A19. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site «10 (for location, see Table 1 and Fig, A2Û)
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Fig. A20. Stratigraphie map of Calvin sand at site #10. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A21. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #11 (for location, see Table 1 and Fig. A22)
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Fig. A22. Stratigraphie map of Booch sand at site i l l .  The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A24. Stratigraphie map of Checkerboard marl at site #12. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A26. Stratigraphie map of Earlsboro sand at site #13. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A27. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #14 (for location, see Table 1 and Fig. A28)
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Fig. A28. Stratigraphie map of Earlsboro sand at site #14. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A29. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #15 (for location, see Table 1 and Fig. A30)
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Fig. A30. Stratigraphie map of Booch sand at site #15. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A31. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #16 (for location, see Table 1 and Fig. A32)
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Fig. A32. Stratigraphie map of Booch sand at site #16, The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A33. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site #17 (for location, see Table 1 and Fig. A34)
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Fig. A34. Stratigraphie map of Senora limestone at site #17. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A35. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site «18 (for location, see Table 1 and Fig. A36)
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Fig. A36. Stratigraphie map of Tussy limestone at site #18. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A38. Stratigraphie map of Priddy sand at site #19. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
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Fig. A39. Temperature (a), thermal gradient (b), thermal conductivity (c), and heat flow (d)
distribution with depth at site «20 (for location, see Table 1 and Fig. A40)
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Fig. A40. Stratigraplüc map of Chubbee sand at site #20. The bold numbers in the
center of dashed squares represent section numbers of the township and range
indicated on the top right side of the figure.
APPENDIX B
M inimum interval therm al gradient, maximum interval therm al gradient, 
and average thermal gradient for each site:
Site #1 (Fig. A lb, Table 1): 34.1®C/km - 40.0®C/km; 36.63"C/km;
Site #2 (Fig. A3b, Table 1): 31.5®C/km - 45.3«C/km; 38.36“C /km  
Site #3 (Fig. A5b, Table 1): 31.4®Otai - 51.6®Cion; 34.75®Okm;
Site #4 (Fig. A7b, Table 1): 30.8*X3ian - 38.1‘’Cion; 34.80‘’Olan;
Site #5 (Fig. A9b, Table 1): 26.2‘’C4on - 33.5®C4on; 31.12“01an;
Site #6 (Fig. A llb , Table 1): 27.6‘’O te i - 39.4=Gkm; 31.77«C4an;
Site #7 (Fig. A13b, Table 1): 12.4°Okm - 19.7®Okm; 17.37°Okm;
Site #8 (Fig. A15b, Table 1): 30.2®Okm - 52.5°C4cm (the absolute maximum 
interval thermal gradient); 42.11"Okm;
Site #9 (Fig, A17b, Table 1): 13.7‘’O tan - 30.1‘’Ctan; 21.15‘’Glan;
Site #10 (Fig. A19b, Table 1): 32.8®G1cm - 48.5®Otei; 41.09°C1an;
Site #11 (Fig. A21b, Table 1): 35.4"Okm - 47.2«»Okm; 42.24°Okm (the absolute 
maximum average therm al gradient);
Site #12 (Fig. A23b, Table 1): 23.6°Okm - 43.9=Okm; 30.07=0km;
Site #13 (Fig. A25b, Table 1): 20.3=Okm - 35.4®Gtan; 28.97=Okm;
Site #14 (Fig. A27b, Table 1): 24.9‘»Glan - 32.8=Okm; 29.13=Okm;
Site #15 (Fig. A29b, Table 1): 32.8®Gion - 45.9"Okm; 39.01=G4(m;
Site #16 (Fig. A31b, Table 1): 30.8®Okm - 38.7®Okm; 34.92®Okm;
Site #17 (Fig. A33b, Table 1): 26.2"Okm - 32.8®Okm; 28.72®Okm;
Site #18 (Fig. A35b, Table 1): 13.1‘*Glan - 17.1‘’G tan; 14.11°C4an (the absolute 
minimum average therm al gradient);
Site #19 (Fig. A37b, Table 1): 11.8®C4on (the absolute minimum interval 
geothermal gradient); 18.4°C4cm; 16.50®C1an;
Site #20 (Fig. A39b, Table 1) 14.4°Gtan - 19.7°01cm; 17.10°C1an.
129
APPENDIX c
Short presentation of therm al conductivity data for each site: 
site #1:
Well used for thermal conductivity measurements: Herman #3 (for location, 
see Table 2 and Fig. A2);
Distance from temperature well: 1000 m;
Depth interval with therm al conductivity measurements: 157 - 1020 m below 
ground surface;
Stratigraphie offset of conductivity well: + 9 m;
Number of thermal conductivity measurements: 78 (Fig. Ale);
Value interval: 0.95 - 2.5 W/m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.11 ± 0.03 W /m-K; 
well used for porosity determination: Sims #1 (for location, see Table 3 and 
Fig. A2);
Depth interval of density log: 37 - 327 m  (290 m interval length);
Distance from conductivity well: 1435 m;
Stratigraphie offset of porosity well: + 5 m;
Average porosity: 0.17;
Geologic form ations sam pled (Fig. 7): Perm ian, Pennsylvanian, and 
M ississippian;
O ther comments: This site has the lowest harm onic mean o f m easured 
therm al conductivities (1.11 ±  0.03 W /m-K). M ost therm al conductivity 
values range between 0.95 - 1.8 W /m-K. Lithologies found during sampling: 
gray shale, limestone, sandstone. Thermal conductivities do not change with 
geologic age (Fig. 7). Note the inverse relationship between tem perature 
gradients (Fig. Alb) and thermal conductivities (Fig. Ale).
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site #2
W ell used  for therm al conductivity m easurem ents: M cCuloch #1 (for 
location, see Table 2 and Fig. A4);
Distance from tem perature well: 652 m;
Depth interval w ith therm al conductivity measurements: 460 - 1131 m below 
ground surface;
Stratigraphie offset of conductivity well: + 47 m;
Number of thermal conductivity measurements: 52 (Fig. A3c); 
value interval: 1.14 - 1.70 W /m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.38 ± 0.02 W /m-K; 
Well used for porosity determination: North #15 (for location, see Table 3 and 
Fig. A4);
Depth interval of density log: 518 - 945 m (427 m interval length);
Distance from conductivity well: 1087 m;
Stratigraphie offset of porosity well: - 70 m;
Average porosity: 0.09;
Geologic formations sam pled (Fig. 7): Permian and Pennsylvanian;
O ther comments: M ost therm al conductivity values range in  a narrow 
interval (1.2 - 1.6 W /m -K). Lithologies found during sampling: gray shale is 
predom inant; lim estone and sandstone are present in  small am ounts. 
Thermal conductivities do not change w ith geologic age (Fig. 7). 
site #3:
Wells used for therm al conductivity measurements: McAninch #1 (M-1) and 
L. Shawer #93 (L-93) (for location, see Table 2 and Fig. A6);
Distance from tem perature well: 1,848 m (M-1); 1,040 m (L-93);
Depth interval w ith therm al conductivity measurements: 168 - 1,033 m; 1,310
131
-1,478 m (M-1); 1,310 - 1,478 m (L-93) below ground surface;
Stratigraphie offset of conductivity well: - 28 m ^ -1 ); + 28 m (L-93);
Number of therm al conductivity measurements: 48 (M-1) and 26 (L-93) (Fig. 
A5c);
Value interval: 1.1 - 3.8 W /m-K;
In situ  harm onie m ean o f all therm al conductivity m easurem ents (after 
corrections for anisotropy, tem perature, and porosity): 1.18 ± 0.03 W /m -K (M- 
1) and 1.80 ± 0.07 W /m -K  (L-93); average value for the entire depth interval: 
1.49 ± 0.05 W /m-K;
Well used for porosity determination: Christa #1 (for location, see Table 3 and 
Fig. A6);
Depth interval of density log: 214 - 820 m (606 m interval length);
Distance from conductivity well: 3239 m (L-93); 3826 m (M-1);
Stratigraphie offset of porosity well: - 35 m  (M-1); + 21 m (L-93);
Average porosity: 0.13;
Geologic formations sam pled (Fig. 7): Permian, Pennsylvanian, Mississippian, 
Devonian, and Ordovician;
Other comments: Most therm al conductivity values range between 1 - 2  
W /m-K, excepting some basal M ississippian limestone w ith values between 
2 - 3.8 W /m -K . Lithologies found during sampling: gray shale, limestone 
(predom inant); sandstone (secondary). Thermal conductivities do not 
apparently change with geologic age (Fig. 7). 
site #4:
Well used for thermal conductivity measurements: G ravel #1 (for location, 
see Table 2 and Fig. A8);
Distance from tem perature well: 565 m;
Depth interval with therm al conductivity measurements: 105 - 831 m below
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ground surface;
Stratigraphie offset of conductivity well: -6  m;
Number of thermal conductivity measurements: 76 (Fig. A7c);
Value interval: 0.90 - 1.97 W/m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.30 ± 0.03 W /m-K; 
Well used for porosity determination: Carter #1-B (for location, see Table 3 
and Fig. AS);
Depth interval of density log: 118 - 471 m (352 m interval length);
Distance from  conductivity well: 478 m;
Stratigraphie offset of porosity well: + 2 m;
Average porosity: 0.21;
Geologic formations sam pled (Fig. 7): Permian and Pennsylvanian;
O ther com ments: M ost therm al conductivity values range in  a narrow  
interval, between 1.0 - 1.7 W/m-K. Lithologies found during sampling: gray 
shale (p redom inan t), lim estone, sandstone (secondary). Therm al 
conductivities do no t change w ith geologic age (Fig. 7). The therm al 
conductivity values are slightly higher in the upper and lower portions of the 
well due to a relatively higher amount of sandstone and carbonates, 
site #5:
Well used for therm al conductivity measurements: Providence #1 (for 
location, see Table 2 and Fig. AlO);
Distance horn tem perature well: 2,348 m;
Depth interval w ith therm al conductivity measurements: 148 - 913 m below 
ground surface;
Stratigraphie offset of conductivity well: - 4 m;
Number of thermal conductivity measurements: 83 (Fig. A9c);
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Value interval: 1.2 - 3.7 W /m-K;
In s itu  harm onie m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, tem perature, and porosity): 1.53 ±  0.05 W/m-K; 
Well used for porosity determination: Cox m  (for location, see Table 3 and 
Fig. AlO);
Depth interval of density log: 973 - 1,585 m (612 m interval length);
Distance from conductivity well: 1,870 m;
Stratigraphie ofrset of porosity well: - 2 m;
Average porosity: 0.04;
Geologic formations sampled (Fig. 8): Permian and Pennsylvanian;
O ther comments: Lithologies found during sampling: red  sandstone in the 
upper part of the well (first 300 m), where thermal conductivities range 1.4 - 
3.7 W /m -K ; red sandstone and gray shale, in the rest of the well, where 
thermcil conductivities vary in a narrow  interval (1.2 - 1.9 W /m -K). Thermal 
conductivities do not change w ith geologic age (Fig. 8). N ote the direct 
relationship between first tem perature gradient, between 180 - 300 m (Fig. 
A9b) and thermal conductivities (Fig. A9c). The next gradients do not present 
any relationship w ith therm al conductivities, 
site #6:
Wells used for therm al conductivity measurements: Stew art #1 (S-1) and 
Dacon #37 (D-37) (for location, see Table 2 and Fig. A12);
Distance from temperature well: 187 m  (S-1); 345 m (D-37);
Depth interval w ith therm al conductivity measurements: 151 - 398 m (S-1) 
and 414 - 853 m (D-37) below ground surface;
Stratigraphie offset of conductivity well: + 1 m (S-1); + 2 m (D-37);
N um ber of therm al conductivity measurements: 23 (S-1); 36 (D-37) (Fig. 
A llc);
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Value interval: 1.0 - 4.8 W /m-K;
In situ  harm onie m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 2.10 ±  0.10 W /m-K (S- 
1); 1.82 ± 0.12 W /m-K (D-37); the harmonic m ean for the entire site is 1.96 ± 
0.11 W /m-K;
Well used for porosity determination: Shamrock Royalty-Tract 3 #W-22 (for 
location, see Table 3 and Fig. A12);
Depth interval of density log: 427 - 850 m  (423 m  interval length);
Distance from conductivity well: 739 m (S-1); 1130 m (D-37);
Stratigraphie offset of porosity well: - 28 m  (S-1); - 29 m (D-37);
Average porosity: 0.05;
Geologic formations sampled (Fig. 8): Pennsylvanian;
O ther comments: Lithologies found du ring  sam pling: gray shale and 
sandstone in  S-1 (first 400 m), limestone and shale in D-37 (the depth interval 
between ~400 - 853 m. Higher than in previous wells, conductivity values 
reflect the greater am ount of carbonates and sandstones sam pled in this well, 
site #7:
W ell used for therm al conductivity m easurem ents: Thom pson #1 (for 
location, see Table 2 and Fig. A14);
Distance from temperature well: 10 m;
Depth interval w ith thermal conductivity measurements: 111 - 1,224 m below 
ground surface;
Stratigraphie offset of conductivity well: 0 m;
Number of thermal conductivity measurements: 60 (Fig. A13c);
Value interval: 1.0 - 6.1 W/m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.80 ± 0.23 W/m-K;
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Well used for porosity determ ination: Henderson #1-14 (for location, see 
Table 3 and Fig. A14);
Depth interval of density log: 1538 - 2224 m  (686 m interval length);
Distance from  conductivity well: 434 m;
Stratigraphie offset of porosity well: -1  m;
Average porosity: 0.02;
Geologic form ations sam pled (Fig. 8): Pennsylvanian;
O ther comments: Lithologies found during sampling: red sandstone with 
high thermal conductivity ( ~4 — 6 W/m-K) in the first ~300 m, followed by a 
mixture of shale and red sandstone, ranging narrower (~1 - -2.W /m-K) in  the 
rest of the well. Note the inverse relationship between the first tem perature 
gradient (Fig. A13b) and  therm al conductivities (Fig. A13c) m easured in 
approxim ately the same dep th  interval (-100 — 300 m). For the rest of the 
w ell, there is no relationship between therm al gradients and therm al 
conductivities, 
site #8:
W ell used for therm al conductivity measurements: Skeleton #2 (for location, 
see Table 2 and Fig. A16);
Distance fiom  tem perature well: 1,826 m;
Depth interval w ith therm al conductivity measurements: 131 - 850 m  below 
ground surface;
Stratigraphie offset of conductivity well: + 5 m;
Number of therm al conductivity measurements: 53 (Fig. A15c);
Value interval: 1.0 - 5.3 W /m -K;
In situ harm onic mean o f all therm al conductivity m easurem ents (after 
corrections for anisotropy, tem perature, and porosity): 2.04 ± 0.14 W /m-K;
Well used for porosity determ ination: Burnett #1-36 (for location, see Table 3
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and Fig. A16);
Depth interval of density log: 618 - 1,157 m  (539 m interval length);
Distance firom conductivity well: 2,261 m;
Stratigraphie offset o f porosity well: - 1 m;
Average porosity: 0.05;
Geologic formations sam pled ^ ig . 8): Pennsylvanian;
O ther com ments: Lithologies found during sam pling: gray sandstone 
(predominant) and black shale in  the upper -500 m , followed by black and 
gray shale and gray sandstone in the bottom part of the well. The thermal 
conductivity m easurem ents are less num erous and  show a quite large 
scattering in the upper part of the well (0 — 500 m); then, the number of 
m easurem ents increases and the  variation o f therm al conductivities 
(between -1.2 - -3  W /m -K) is m ainly due to lithologie variation (large values 
for sandstones, small values for shales), 
site #9:
Wells used for therm al conductivity measurements: Wheeler #4 (W-4) and 
Wheeler #2 (W-2) (for location, see Table 2 and Fig. A18);
Distance from tem perature well: 870 m (W-4); 783 m (W-2);
Depth interval with therm al conductivity measurements: 306 - 1,175 m (W-4) 
and 1,190 - 1,832 m (W-2) below ground surface;
Stratigraphie offset of conductivity well: + 32 m (W-4); + 25 m (W-2);
Number of therm al conductivity measurements: 54 (W-4); 35 (W-2) (Fig. 
A17c);
Value interval: 0.94 - 2.4 W/m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.37 ± 0.04 W /m-K (W-
4); 1.26 ± 0.05 W /m -K (W-2); the harmonic mean for the entire site: 1.33 ± 0.03
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W /m -K ;
Well used for porosity determination: Jennings "A" #4 (for location, see Table 
3 and Fig. A18);
Depth interval of density log: 332 - 1643 m (1311 m interval length);
Distance hrom conductivity well: 740 m (W-4); 739 m (W-2);
Stratigraphie offset of porosity well: - 38 m  (W-4); - 31 m (W-2);
Average porosity: 0.20;
Geologic formations sampled (Fig. 9): Pennsylvanian;
O ther comments: M ost thermal conductivity values range between 1 - 1.8 
W /m-K. Lithologies found during sampling: red  sandstone in  the upper -700 
m of the well; predominant gray and black shale, with secondary sandstone in 
the bottom  part of the well. There is an apparent direct relationship between 
therm al gradients (Fig. AlTb) and thermal conductivities (Fig. A17c). 
site #10:
Well used for therm al conductivity measurements: Johnston #1 (for location, 
see Table 2 and Fig. A20);
Distance from tem perature well: 652 m;
Depth interval w ith thermal conductivity measurements: 105 - 922 m below 
ground surface;
Stratigraphie offset of conductivity well: + 26 m;
Number of thermal conductivity measurements: 77 (Fig. A19c);
Value interval: 1.1 - 5.5 W/m-K;
In situ  harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.85 ± 0.10 W/m-K;
Well used for porosity determination: Standon Little #6 (for location, see 
Table 3 and Fig. A20);
Depth interval of density log: 454 - 1,286 m (832 m interval length);
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Distance ârom conductivity well; 1,000 m;
Stratigraphie offset of porosity well: - 47 m;
Average porosity: 0.07;
Geologic formations sam pled ^ ig . 9): Pennsylvanian;
Other comments: lithologies found during sampling; gray shale, in  the upper 
half of the well; black shale in the low er half of the well; sandstone is 
secondary in the middle of the well, 
site #11:
Well used for therm al conductivity m easurem ents: W illiam s #3 (for 
location, see Table 2 and Fig. A22);
Distance from tem perature well: 1,783 m;
Depth interval w ith therm al conductivity measurements: 212 - 825 m below 
ground surface;
Stratigraphie offset of conductivity well: - 16 m;
Number of thermal conductivity measurements: 60 (Fig. A21c);
Value interval: 0.96 - 5.5 W/m-K;
In situ harm onic m ean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, tem perature, and porosity): 1.77 ± 0.10 W /m-K;
Well used for porosity determination: Thomas Ryan #1-35 (for location, see 
Table 3 and Fig. A22);
Depth interval of density log: 115 - 1,111 m (996 m interval length);
Distance from conductivity well: 1,435 m;
Stratigraphie offset of porosity well: -h im ;
Average porosity: 0.08;
Geologic formations sam pled (Fig. 9): Pennsylvanian;
other comments: Lithologies found during sampling: black and gray shale 
(predom inant), white sandstone (secondary). Note the inverse relationship
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between tem perature gradients (Fig. A21b) and thermal conductivities (Fig. 
A21c).
site #12:
Wells used for therm al conductivity m easurem ents: Fixico #5 (F-5) and 
Chowing #7 (C-7) (for location, see Table 2 and Fig. A24);
Distance from  temperature well: 1,478 m  (F-5); 565 m  (C-7);
Depth interval w ith therm al conductivity measurements: 147 - 240 m (F-5); 
252 - 921 m  (C-7) below ground surface;
Stratigraphie offset of conductivity well: + 8 m ^-5 ); + 5 m (C-7);
Number of thermal conductivity measurements: 11 (F-5); 74 (C-7) (Fig. A23c); 
Value interval: 1.5 - 4.7 W /m-K;
In situ  harm onic mean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, tem perature, and porosity): 2.50 ± 0.03 W /m-K (F-
5); 1.87 ± 0.05 W /m-K (C-7); harmonic mean for the entire site is 1.93 ± 0.06 
W /m -K ;
Well used for porosity determ ination: Nichols #6 (for location, see Table 3 
and Fig. A24);
Depth interval of density log: 792 - 1,331 m (539 m interval length);
Distance from  conductivity well: 1304 m (F-5); 957 m (C-7);
Stratigraphie offset of porosity well: + 5 m (F-5); + 8 m  (C-7)
Average porosity: 0.08;
Geologic formations sampled (Fig. 9): Pennsylvanian;
Other comments: Lithologies found during sam pling: red sandstone in  the 
upper part of the well (samples from F-5); red, gray and black shale, red and 
white sandstone in the rest of the well (samples from C-7). This site shows the 
disadvantage of using drilling cuttings from tw o different wells: the different 
lithologies produce different harm onic m eans of therm al conductivity
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measurements (2.50 W /m -K for F-5 vs. 1.87 W/m-K for C-7). 
site #13:
Well used for thermal conductivity measurements: Tiger #3 (for location, see 
Table 2 and Fig. A26);
Distance from  temperature well: 2J087 m;
Depth interval with therm al conductivity measurements: 145 - 1,081 m  below 
ground surface;
Stratigraphie offset of conductivity well: -3  m;
Number of thermal conductivity measurements: 91 (Fig. A25c); 
value interval: 1.1 - 3.3 W /m-K;
In situ harm onic m ean of all therm al conductivity measurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.63 ± 0.05 W /m-K;
Well used for porosity determination: H urst #1 (for location, see Table 3 and 
Fig. A26);
Depth interval of density log: 79 -1310 m (1231 m interval length);
Distance &om conductivity well: 2304 m;
Stratigraphie offset of porosity well: -2  m;
Average porosity: 0.14;
Geologic formations sampled (Fig. 10): Pennsylvanian and Mississippian; 
Other comments: Lithologies found during sampling: gray, red, and black 
shale (predom inant), few limestone, white sandstone (secondary). Thermal 
conductivities do not change w ith geologic age (Fig. 10). Note the inverse 
relationship between tem perature gradients (Fig. A25b) and therm al 
conductivities (Fig. A25c). The upper part of the well (approximately the first 
500 m) show a greater scatter of values due to an alternance of shale and 
sandstone, sometimes limestone.
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site #14:
Weil used for therm al conductivity measurem ents: Livingstone #13 (for 
location, see Table 2 and Fig. A28);
Distance from temperature well: 739 m;
Depth interval with thermal conductivity measurements: 148 - 971 m  below 
ground surface;
Stratigraphie offset of conductivity well: + 37 m;
Number of thermal conductivity measurements: 81 (Fig. A27c);
Value interval: 0.97 - 3.4 W/m-K;
In situ  harmonic mean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.59 ±  0.06 W/m-K; 
well used for porosity determination: Goforth #G4 (for location, see Table 3 
and Fig. A28);
Depth interval of density log: 334 - 959 m  (625 m interval length);
Distance from conductivity well: 1000 m;
Stratigraphie offset of porosity well: -9  m;
Average porosity: 0.15;
Geologic formations sampled (Fig. 10): Pennsylvanian;
O ther comments: Lithologies found during  sam pling: gray shale and, 
sandstone in the upper half of the well, black shale in  the bottom half of the 
well. Note the inverse relationship between temperature gradients (Fig. A27b) 
and thermal conductivities (Fig. A27c). 
site #15:
Wells used for therm al conductivity measurem ents: Beard #1 (B-1) and 
Harper #1 (H-1) (for location, see Table 2 and Fig. A30);
Distance from temperature well: 1783 m (B-1); 434 m (H-1);
Depth interval with thermal conductivity measurements: 151 - 233 m; 745 -
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918 m (B-1) and 238 - 734 m (H-1) below ground surface;
Stratigraphie o ^ e t  of conductivity well: - 4 m  (B-1); -1  m  (H-1);
Number of thermal conductivity measurements: 37 (B-1); 66 (H-1) (Fig. A29c); 
Value interval: 1.0 - 3.6 W/m-K;
In situ  harmonie mean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.56 ± 0.07 W /m-K (B- 
1); 1.68 ± 0.07 W /m -K (H-1); harmonic m ean for the entire site is 1.64 ± 0.05 
W /m -K ;
Well used for porosity determination: Chamblee #1 (for location, see Table 3 
and Fig. A30);
Depth interval of density log: 593 - 1226 m  (633 m interval length);
Distance from conductivity well: 1630 m B-1); 652 m (H-1);
Stratigraphie offset of porosity well: + 4 m (B-1); -2 m  (H-1);
Average porosity: 0.07;
Geologic formations sampled (Fig. 10): Pennsylvanian;
O ther comments: Lithologies found du ring  sam pling: gray shale and 
sandstone in the upper half of the well; black shale and white sandstone in 
the bottom half of the well, 
site #16:
Wells used for therm al conductivity measurements: Bryant #1 (Br-1) and 
Holotka #2 (H-2) (for location, see Table 2 and Fig. A32);
Distance from temperature well: 935 m (Br-1); 826 m (H-2);
Depth interval w ith thermal conductivity measurements: 151 - 961 m (Br-1) 
and 985 - 1072 m (H-2) below ground surface;
Stratigraphie offset of conductivity well: - 30 m (Br-1); - 6 m  (H-2);
Number of thermal conductivity measurements: 63 (Br-1); 8 (H-2) (Fig. A31c); 
Value interval: 0.98 - 2.7 W/m-K;
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In situ  harm onic mean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity); 1.68 ± 0.07 W /m-K (Br- 
1); 1.25 ± 0.03 W /m-K (H-2); harmonic m ean for the entire site is 1.47 ± 0.04 
W /m -K ;
W ell used for porosity determ ination: Beller Hyde #6-A (for location, see 
Table 3 and Fig. A32);
Depth interval of density log: 298 - 945 m  (647 m interval length);
Distance from  conductivity well: 1,391 m  (Br-1); 2,174 m  (H-2);
Stratigraphie offset of porosity well: -8 m  (Br-1); - 31 m  (H-2);
Average porosity: 0.08;
Geologic formations sampled (Fig. 10): Pennsylvanian and Mississippian; 
O ther com ments: Most therm al conductivity values range betw een 1 - 2  
W /m-K. Lithologies found during sampling: gray shale (predom inant), few 
limestone, red  sandstone (secondary). Samples from H-2 are only black shales. 
Thermal conductivities seem to change little with geologic age (Fig. 10). Note 
the inverse relationship between tem perature gradients (Fig. A31b) and 
thermal conductivities (Fig. A31c). 
site #17:
Well used for thermal conductivity measurements: C ully #2 (for location, see 
Table 2 and Fig. A34);
Distance from  temperature well: 870 m;
Depth interval w ith thermal conductivity measurements: 142 - 819 m below 
ground surface;
Stratigraphie offset of conductivity well: + 14 m;
Number of therm al conductivity measurements: 90 (Fig. A33c);
Value interval: 1.1 - 3.9 W /m-K;
In situ harm onic mean of all thermal conductivity m easurem ents (after
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corrections for anisotropy, temperature, and porosity): 1.53 ± 0.07 W/m-K; 
well used for porosity determination: Katy #1 (for location, see Table 3 and 
Fig.A34);
Depth interval of density log: 287 - 613 m (326 m  interval length);
Distance from conductivity well: 1,674 m;
Stratigraphie o ^ e t  of porosity well: - 22 m;
Average porosity: 0.11;
Geologic formations sampled (Fig. 11): Pennsylvanian;
O ther comments: Lithologies found during sampling: gray, red, and black 
shale, few limestone, white sandstone. The therm al conductivity values are 
little scattered in the upper part of the well where presence of limestone and 
sandstone makes the lithology inhomogeneous. 
site #18:
Wells used for thermal conductivity measurements: Edge H ardin #11 (EH-11) 
and H ardin Heirs #2 (HH-2) (for location, see Table 2 and Fig. A36);
Distance from temperature well: 870 m (EH-11); 1783 m (HH-2);
Depth interval w ith thermal conductivity measurements: 152 - 476 m (EH-11) 
and 488 - 695 m  (HH-2) below ground surface;
Stratigraphie offset of conductivity well: - 82 m (EH-11); +32 m  (HH-2);
Number of therm al conductivity measurements: 33 (EH-11); 77 (HH-2) (Fig. 
A35c);
Value interval: 1.3 - 3.1 W /m-K;
In situ  harm onic m ean of all thermal conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 2.40 ± 0.05 W /m -K  
(EH-11); 1.35 ± 0.01 W /m-K (HH-2); harmonic mean for the entire site is 2.22 ± 
0.04 W /m-K;
Well used for porosity determination: County Line Unit #11-2B (for location.
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see Table 3 and Fig. A36);
Depth interval of density log: 395 - 1,127 m (732 m interval length);
Distance from conductivity well: 587 m (EH-11); 1,000 m (HH-2);
Stratigraphie offset of porosity well: +45 m (EH-11); - 71 m ^lH -2)
Average porosity: 0.20;
Geologic formations sampled (Fig. 11): Pennsylvanian
O ther comments: This site has the largest harm onic m ean of m easured 
therm al conductivities. Lithologies found during  sampling: predom inant 
pink and white sandstone; gray and black shale is secondary. Mote the trend of 
increasing of thermal conductivity w ith depth, 
site #19:
Well used for thermal conductivity measurements: Beard #1 (for location, see 
Table 2 and Fig. A38);
Distance hom  temperature well: 1783 m;
Depth interval with therm al conductivity measurements: 212 - 599 m below 
ground surface;
Stratigraphie offset of conductivity well: 0 m;
Number of thermal conductivity measurements: 77 (Fig. A37c);
Value interval: 1.1 - 1.7 W/m-K;
In situ  harmonic m ean of all therm al conductivity measurem ents (after 
corrections for anisotropy, temperature, and porosity): 1.35 ± 0.01 W/m-K; 
well used for porosity determination: Freeman #5 (for location, see Table 3 
and Fig. A38);
Depth interval of density log: 457 - 767 m (310 m  interval length);
Distance from conductivity well: 1,217 m;
Stratigraphie offset of porosity well: + 2 m;
Average porosity: 0.15;
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Geologic formations sampled (Fig. 11): Pennsylvanian;
O ther comments: Most thermal conductivity values range in  a very narrow 
interval(1.2 - 1.5 W /m-K. Lithologies found during sampling: predom inant 
gray shale with very few limestone and sandstone, 
site %0:
Well used for thermal conductivity measurements: Dillard #115 (for location, 
see Table 2 and Fig. A40);
Distance from temperature well: 304 m;
Depth interval with thermal conductivity measurements: 160 - 844 m below 
ground surface;
Stratigraphie offset of conductivity well: - 59 m;
Number of thermal conductivity measurements: 53 (Fig. A39c); 
value interval: 1.2 - 3.5 W /m-K;
In situ  harmonic mean of all therm al conductivity m easurem ents (after 
corrections for anisotropy, temperature, and porosity): 2.02 ± 0.07 W/m-K;
Well used for porosity determination: H ew itt unit #22-4203 (for location, see 
Table 3 and Fig. A40);
Depth interval of density log: 16 - 912 m (906 m interval length);
Distance from conductivity well: 1,000 m;
Stratigraphie offset of porosity well: + 114 m;
Average porosity: 0.21;
Geologic form ations sam pled (Fig. 11): Perm ian, Pennsylvanian, and 
M ississippian;
O ther comments: Lithologies found du ring  sam pling: red and w hite 
sandstone, gray and red shale. Thermal conductivities seem to change w ith 
geologic age (Fig. 49), from lower values in  Permian (~1 — 2 W /m-K), 
through higher values in Pennsylvanian (~2 — 3 W /m-K), to again lower
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values in Mississippian (-1  - ~2 W/m-K).
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APPENDIX D
Distribution of heat flow intervals for each site: 
site #1 (Fig. A id): 4 intervals; 37 - 51 mW /in^; 
site i n  (Fig. A3d): 3 intervals; 4 2 -6 0  mW /rn^; 
site ^  (Fig. A5d): 9 intervals; 4 2 -7 6  mW /m?; 
site #4 (Fig. A7d): 5 intervals; 40 - 48 mW /m^; 
site IQ (Fig. A9d): 4 intervals; 39 - 56 mW /m?; 
site #6 (Fig. A lld ): 9 intervals; 4 4 -7 9  mW /m^; 
site #7 (Fig. A13d): 7 intervals; 19-60  mW /m^; 
site #8 (Fig. A15d): 9 intervals; 45 -123 inW /m^; 
site #9 (Fig. A17d): 9 intervals; 20 - 42 mW /m^; 
site #10 (Fig. A19d): 10 intervals; 54-99  mW /m^; 
site #11 (Fig. A21d): 8 intervals; 41 - 101 mW /m^; 
site #12 (Fig. A23d): 5 intervals; 51 - 69 mW /m^; 
site #13 (Fig. A25d): 5 intervals; 39 - 55 mW /m^; 
site #14 (Fig. A27d): 4 intervals; 44 -66  mW /m^; 
site #15 (Fig. A29d): 10 intervals; 58 - 70 mW /m^; 
site #16 (Fig. A31d): 6 intervals; 49 - 50 mW /m^ 
site #17 (Fig. A33d): 5 intervals; 3 9 -5 4  mW /m^ 
site #18 (Fig. A35d): 5 intervals; 26 - 39 mW /m^ 
site #19 (Fig. A37d): 5 intervals; 18-25  mW /m^ 
site iHO (Fig. A39d): 8 intervals; 26 - 54 mW /m^
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